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The fluxes of ionic and nonionic probe permeants across hairless mouse skin 
(HMS) were induced by direct current (DC) iontophoresis and used to characterize the 
transport pathways of the epidermal membrane under two conditions: 1) with phosphate 
buffered saline (PBS) in both the anodal and cathodal chamber, referred to as baseline 
studies; and 2) with PBS in the anodal chamber and with sodium polystyrene sulfonate 
(PSS) in the cathodal chamber. Probe permeants used in these experiments were nonionic 
permeants (urea, mannitol, and raffinose), monovalent cationic permeants (sodium, 
tetraethylammonium, and tetraphenylphosphonium ions), and monovalent anionic 
permeants (chloride, salicylate, and taurocholate ions). The permeability coefficients of 
the nonionic probe permeants increased up to sixfold with sodium PSS in the cathodal 
chamber. Increases in the permeability coefficients of nonionic permeants were 
independent of the sodium PSS concentrations (sodium PSS concentrations investigated 
included 1.37, 13.7 and 137 mg/mL). Permeability coefficients of the cationic probe 
permeants also increased up to threefold relative to baseline results and remained 
constant, independent of the sodium PSS concentration in the cathodal chamber. The 
permeability coefficients of the anionic probe permeants increased slightly relative to 
baseline results with 1.37 mg/mL sodium PSS in the cathodal chamber and then 
decreased as the concentration of sodium PSS in the cathodal chamber increased. In 





 Nernst-Planck model was used as a theoretical framework for interpreting the data and 
calculating the effective pore radius (Rp) of pathways available to the probe permeants 
during iontophoresis. Under baseline conditions the Rp values obtained using nonionic 
permeant transport data ranged from 7 – 13 Å; with sodium PSS in the cathodal chamber 
Rp values ranged from 9 – 27 Å. The results of theoretical Nernst-Planck calculations 
also helped to explain the transport behavior of the cationic probe permeants and 
confirmed, based on cationic probe permeant data, that with sodium PSS in the cathodal 
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1.1 Transdermal Drug Delivery 
Because of its large surface area and immediate access to the external 
environment, skin is a common site for the application of medicine and therapeutic 
treatments. The use of ointments, salves, poultices, and many other forms of topically 
applied treatments have been recorded for centuries. Drug substances administered to the 
patient via the skin can be divided into two main categories: (1) drugs intended to act 
locally, near the site of application or in the immediate and surrounding tissues; or (2) 
drugs that are intended to act systemically. Treatments that fall into the first category are 
referred to as topical treatments and will not be discussed. Treatments that fall into the 
second category are typically administered as part of a patch or delivery system and the 
entire finished product (including the excipients, adhesives, backing membrane, release 
membranes, etc.) is referred to as a transdermal drug delivery system (TDDS). In the last 
three decades TDDS’s have become a commercially viable alternative to orally 
administered drug products. According to Prausnitz and Langer between the years of 
1979 to 2002 a new TDDS was approved every 2.2 years with the rate increasing to one 
every 7.5 months in the period of 2005 – 2007.1 
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While the number of approved products has increased, the physicochemical 
characteristics of drug molecules that have been successfully integrated into a TDDS are 
relatively limited. The majority of drug molecules that have been targeted in the 
development of TDDS’s have been low molecular weight (i.e., less than about 0.5 kDa), 
highly lipophilic, and have high potency. Some examples of these include scopolamine, 
nitroglycerin, clonidine, nicotine, oestradiol, oxybutinin, testosterone, and fentanyl.2 In an 
effort to expand the pool of candidate molecules that may be considered for transdermal 
delivery a tremendous amount of research has focused on methods to enhance the 
transport of hydrophilic and ionic drug molecules across the skin. Methods used to 
enhance the transport of hydrophilic and ionized drugs across the skin include the 
following: chemical enhancers,3-6 electroporation methods,7-10 sonophoresis,11-14 
microneedles,15-17 iontophoresis,7,18-22 and various combinations of these methods.23-28 In 
addition to interest in the systemic delivery of drugs, skin has also been utilized as a site  
for the non-invasive extraction of drugs and other therapeutically relevant molecules 
from the systemic circulation.29-37 
   
1.2 Anatomy of Human Skin 
Figure 1.1 shows an illustration of the basic features of mammalian skin. The skin 
is composed of three main layers: the epidermis, dermis and subcutis. The dermis and 
subcutis contain nerve endings, connective tissues, hair follicles, sweat glands and other 
organs and structures that may vary depending on the species and location on the body. 




Figure 1.1. Diagram of human skin.38 (Permission to copy granted under the terms of the 
GNU Free Documentation License and the Creative Commons Attribution-Share Alike 
license. See reference for website and license information.) 
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presence of capillary beds, arteries and veins that are responsible for the supply of blood 
flow to and from the skin. The capillary beds are the principle targets for the delivery of 
molecules that are intended for systemic circulation.  
The outermost layer of the skin, the epidermis, is composed of two main layers, 
the stratum corneum and the stratum germinativum or viable epidermis. The viable 
epidermis contains an inner layer of living cells which are constantly dividing, 
differentiating, and migrating upward to replenish the outermost later, the stratum 
corneum. The primary function of the stratum corneum is to keep exogenous chemicals 
on the outside of the body while keeping moisture and other life-sustaining components 
inside the body. A brick and mortar model is typically used to describe the stratum 
corneum. Dead keratinized cells called corneocytes are represented by the bricks while 
multiple layers of intercellular lipids composed of ceramides, cholesterol and fatty acids 
are represented by the mortar between the bricks. Also included in the surface of the 
stratum corneum are pores for hair follicles and sweat ducts. Relative to the total surface 
area of the skin, the cross sectional area of these pores is low. While only about 10 – 25 
m thick, the stratum corneum is widely considered to be the principle barrier to the 
transport of charged and hydrophilic molecules. 
 
1.3.1 Transport pathways of hydrophilic molecules 
Figure 1.2 (adapted from Prausnitz et al.2) illustrates the possible locations of 
transport pathways available to hydrophilic permeants during transdermal drug delivery. 
Shown in Figure 1.2 are the intercellular pathway across the stratum corneum (site a), 
transport pathways through the hair follicle and associated sebaceous glands (site b), 
5 
 
Figure 1.2. Schematic of transport pathways across the stratum corneum (adapted from 
Prausnitz et al.2). Transport of drug molecules through the pathways indicated in the 
diagram occur as a result of the following mechanisms: (a) diffusion across stratum 
corneum via intercellular lipid regions; (b) transport through hair follicles and sweat 
ducts; (c) transcellular transport due to disruption of lipid bilayers; and/or (d) physical 











Sebaceous gland Sweat duct 
a b c d 
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transcellular pathways (site c) and pathways that result from disruption of the stratum 
corneum barrier integrity via microneedles or other physical methods (site d). Several 
authors have investigated the possible location of aqueous pore pathways in the stratum 
corneum (site a). Bodde et al. used mercuric chloride uptake experiments to show that 
aqueous pore pathways were primarily located in the intercellular lipids of the stratum 
corneum.39 Sznitowska et al. also confirmed that the transport of hydrophilic permeants 
across the stratum corneum was likely to occur via aqueous pore pathways which resulted 
from hydrophilic lipid domains existing in the intercellular matrices between the 
corneocytes of the stratum corneum.40 Bath et al. have shown that a significant amount of 
the electroosmotic and electrophoretic transport of molecules across hairless mouse skin 
(HMS) occurs via the hair follicle during low current density DC iontophoresis.41,42 The 
pathways illustrated by sites c and d show pathways that appear to be associated with 
high voltage electroporation and physical disruption of the stratum corneum (i.e., the use 
of microneedles, tape stripping, laser ablation, etc.), respectively.10,43 
 
1.3 Transdermal Iontophoresis 
The application of an electrical current across the skin to enhance the transport of 
both ionic and nonionic permeants is known as transdermal iontophoresis. With only a 
small amount of electrical current applied to a few square centimeters, significant 
increases in the transport of permeants across the skin have been observed.  Iontophoresis 
has been used for the treatment of hyperhidrosis,44 for local anesthesia before 
dermatological procedures and/or injections,45-47 for the diagnosis of cystic fibrosis,48 and 
for the measurement of blood glucose levels.49 One of the principle advantages of using 
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iontophoresis as a method to enhance the transport of permeants across the skin is the 
ability to control the flux by controlling the current density, polarity and duration of the 
applied electric field.  
Figure 1.3 shows a schematic of an iontophoretic drug delivery system. In Figure 
1.3 the electrodes used to apply the electric current are placed in the anodal and cathodal 
chamber and could be any number of different metal/halide combinations. The drug of 
choice shown in Figure 1.3 is a cationic drug. By applying an electric current across the 
skin a potential gradient is established from one side of the membrane to the other. The 
electric field enhances the transport of the cationic drug trough by three main 
mechanisms: electroporation, electrophoresis, and electroosmosis. These transport 
mechanisms have been investigated extensively throughout the last twenty five years in 
our laboratory and others. 
 
1.3.1 Electroporation 
Electroporation can be defined an increase in the permeability of a membrane due 
to the application of voltage across a membrane. When electroporation is used as an 
exclusive enhancement method, high voltage pulses are needed to induce large, transient, 
aqueous pores which increase the permeability of the skin to hydrophilic permeants;10 
however, even with low current densities and relatively low applied voltages some degree 
of electroporation will be observed. Srinivasan et al. concluded that for applied voltages 





Figure 1.3. Schematic of a transdermal iontophoresis drug delivery system.   
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Evidence of electroporation can be seen in the observed decrease of the electrical 
resistance of the skin in response to the application of an electric current. Researchers in 
our laboratory and others have observed that along with a decrease in the electrical 




Electrophoresis refers to the transport of a charged molecule moving in response 
to an applied electric field. Cationic permeants move toward the negative electrode 
(referred to as the cathode in iontophoresis) and anionic permeants move toward the 
positive electrode (referred to as the anode). The electrophoretic flux of ionic permeants 
is related to their size and effective charge, i.e., their electromobility. Henchoz et al. have 
used capillary zone electrophoresis (CZE) to measure the effective electromobility of a  
series of peptides in order to predict the electrophoretic flux of the peptides during in 
vitro iontophoresis experiments.52 Their research provides further evidence of the 
relationship between the iontophoretic flux of large, polyvalent and hydrophilic 
molecules and their electromobility. An obvious advantage of utilizing this mechanism as 
a means to enhance the transport of an ionic permeant across the skin lies in the ability to 
control the polarity, density and duration of the applied electric field to better control the 





The role of electroosmosis in transdermal iontophoresis has been studied 
extensively by several authors.22,53-55 Electroosmosis has also been investigated as a 
means of extracting nonionic and cationic permeants for diagnostic purposes from the 
interstitial fluid present in the dermis.49,56,57 Electroosmosis refers to the field induced 
movement of solvent perpendicular to a charged surface. This mechanism comes about as 
a result of the net negative surface charge that exists in aqueous pore pathways of 
mammalian skin. A diffuse layer of cations, typically sodium ions, develops to neutralize 
the net negative charge at the surface of the pore. When an electric field is applied 
perpendicular to the pore surface, the cations in the diffuse layer begin to move toward 
the cathode causing the surrounding solvent molecules to also move in the same 
direction. Under normal experimental conditions, i.e., neutral pH and equal 
concentrations of ions on both sides of the membrane, the contribution of electroosmosis 
to the iontophoretic transport of small ionic permeants is typically small compared to 
electrophoresis.  
 
1.4 Statement of the Problem 
As described above, the mechanisms involved in the iontophoretic transport of 
ionic and nonionic permeants are well understood; however, most of the studies cited 
above have been conducted using a variety of membranes, theoretical models, and 
experimental conditions that may not represent (in terms of the concentrations of ions on 
either side of the membrane) a practical iontophoresis system designed for the delivery of 
large, polyvalent and hydrophilic molecules. One of the common experimental conditions 
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used for mechanistic in vitro iontophoresis studies is to ensure that equal concentrations 
of ions are present in solution on both sides of the membrane. Of course in practice, 
having the same composition in the external iontophoresis chamber compared to the 
internal compartment (i.e., the interstitial fluid of the dermis) is not very common. In 
many cases, in order to maximize the portion of the electrical current carried by the drug, 
the concentration of the ionized drug or charged peptide must be high in order to 
maximize the fraction of the electrical current carried by the ionic species of interest. 
From a mechanistic standpoint, this scenario, particularly in the case of peptides and high 
molecular weight polyelectrolytes, is not well understood. The purpose of this 
dissertation is to investigate low current density DC iontophoresis when the electrolyte 
solution in the external chamber contains varying concentrations of sodium polystyrene 
sulfonate (PSS; selected as a model, anionic polyelectrolyte). The specific aims of this 
research project are as follows: 
1. Using the Nernst-Planck model as a theoretical framework, determine the effective 
pore radius (Rp) of hairless mouse skin (HMS) from iontophoresis experiments 
conducted under conditions with equal concentrations of ions on both sides of the 
membrane (baseline conditions) compared to Rp values obtained from iontophoresis 
experiments conducted with varying concentrations of sodium PSS in the cathodal 
chamber.  
2. Determine the relative contributions from electrophoresis and electroosmosis to the 
total iontophoretic fluxes of ionic probe permeants under baseline conditions 
compared to experiments with varying concentrations of sodium PSS in the cathodal 
chamber.  
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3. Characterize the changes in the electrical properties of the HMS during iontophoresis 
experiments with varying concentrations of sodium PSS in the cathodal chamber and 
compare the results to those observed during iontophoresis experiments with equal 
concentrations of ions on both sides of the membrane.  
4. Perform theoretical Nernst-Planck calculations in order to investigate changes in the 
following: potential gradient in the pore pathway, concentration profiles of probe 
permeants and current determining ions inside the membrane, and the relative 
contributions from the diffusive, electrophoretic, and electroosmotic flux components 
during iontophoresis experiments with sodium PSS in the cathodal chamber. 
By completing the specific aims described above it is believed that researchers in the 
field of transdermal iontophoresis will be able to better understand the effect of having 
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In the past two decades, the body of literature related to transdermal iontophoresis 
has grown greatly. We have believed that the development of effective iontophoretic drug 
delivery systems would be significantly aided by systematic mechanistic studies of 
transdermal iontophoresis. To this end, our laboratory and others have attempted to 
quantify the various transport mechanisms and membrane parameters that are expected to 
be important in the iontophoretic delivery and extraction of charged and nonionic 
molecules during constant direct current (DC) iontophoresis. Various authors have 
approached this problem using a variety of theoretical models, membranes, and probe 
permeants.1-11 Pikal has reviewed data collected using both hairless mouse skin (HMS) 
and human skin in order to quantify the role of electroosmotic flow in transdermal 
iontophoresis.12 Ruddy and Hadzija have applied hydrodynamic theory to model the 
transport of polyethylene glycols (with molecular weights ranging from 194 - 1382 
Daltons) across hairless rat skin with reasonable success.9 Many of the studies conducted 
in our laboratory have relied on the application of the modified Nernst-Planck model 
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(MNP) to understand the effects of both electroosmosis and electrophoresis during 
constant current and/or constant voltage iontophoresis with heat-separated human 
cadaver skin [human epidermal membrane (HEM)].13-15 As Luzardo-Alvarez et al. have 
shown, even a common parameter such as the transference number of the current carrying 
species can vary widely depending on the type of membrane and the experimental 
conditions used.10 In all of the cases cited above, the experimental conditions, the model 
membrane employed, and theoretical models applied to the data have varied significantly. 
In the present study, the nature of the transport pathways in HMS available to 
nonionic and ionic permeants was to be investigated with the MNP as a theoretical 
framework. The purpose of these experiments was to systematically study the transport 
behavior of a range of cationic, anionic and nonionic permeants under identical DC 
iontophoresis conditions, using the same model membrane, and using consistent 
theoretical models to treat the data. The following specific questions were to be 
addressed: (i) Are the pore radii (Rp) values obtained from constant current iontophoresis 
experiments with nonionic permeant pairs, cationic permeant pairs, and anionic permeant 
pairs different? (ii) Is the electrophoretic component of cation and anion fluxes similar 
for ions of comparable size when transported under the same iontophoretic conditions? 
(iii) Is HMS an adequate model for the HEM in mechanistic studies of iontophoretic 
transport?  
To address the questions posed above the following experimental strategy was 
employed: (i) determine the diffusion coefficient and solute radius of each permeant; (ii) 
use the MNP model to calculate Rp from HMS flux data obtained with cationic, anionic, 
and nonionic permeant pairs; (iii) compare the fluxes of anionic and cationic permeants 
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of similar molecular size to test the extent of ion selectivity of the HMS during constant 
current DC iontophoresis; and (iv) use a synthetic ion exchange membrane to test the 
agreement between Rp estimates obtained using the hindrance factor for passive diffusion 
and electrophoresis versus Rp values obtained using the hindrance factor for permeants 
transported by convective solvent flow.  The methodology and results of the present 
study were used as the baseline information in studies that were to be undertaken to 
investigate the effect of cotransport of oligomeric polyanions during reverse 
iontophoresis extraction of cationic and nonionic permeants. 
 
2.2 Materials and Methods 
 
2.2.1 Materials         
 All chemicals used were reagent grade and purchased from Sigma-Aldrich 
Company (St. Louis, MO), unless otherwise specified. [14C] Sucrose, [14C] salicylate 
(SA), [3H] taurocholate (TC), [3H] raffinose (Raff), [36Cl] isotopic chlorine, [14C] 
tetraethylammonium (TEA) bromide, and [3H] tetraphenylphosphonium (TPP) bromide 
were obtained from American Radiolabeled Chemicals (St. Louis, MO). [14C] Mannitol 
(Mann), [3H] mannitol, and [22Na] isotopic sodium were obtained from Perkin Elmer Life 
Sciences (Boston, MA). [14C] Urea was obtained from Moravek Biochemicals (Brea, 
CA). Radiolabeled chemicals had an advertised purity of ≥ 98%. The purity of 
radiolabeled compounds was also verified using HPLC before and after selected 
experiments. Solutions were prepared using deionized water that had been purified using 
a Milli-Q® filtration system (resistivity > 10 M·cm, Millipore Corp., Billerica, MA).  
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0.1 M ionic strength phosphate buffered saline (PBS: 0.013 M total phosphate; 0.077 M 
NaCl) with 50 mg/L gentamicin added as a preservative was prepared and adjusted to pH 
7.4. Liquid silver paint was obtained from Ladd Research Industries (Williston, VT). 
Silver foil and other laboratory supplies were obtained from VWR Inc. (West Chester, 
PA). 
 
2.2.2 Determination of permeant diffusion coefficient and molecular radius  
 An approach similar to that used by Peck et al. was employed to determine the 
diffusion coefficients.16 The diffusion cell assembly consisted of a fritted glass disk (20 
mm diameter, type F, Wilmad-Labglass, Buena, NJ) positioned between two rubber 
gaskets and sandwiched between the two halves of a side-by-side diffusion cell. The joint 
was sealed with laboratory film and both sides of the diffusion cell were filled with PBS. 
After equilibration in a circulating water bath overnight, the donor chamber solution was 
replaced with a premixed PBS solution containing trace amounts (0.25-1.0 Ci/mL) of 
the radioisotope or radiolabeled permeant of interest. A glass stopper modified to include 
a stopcock was then used to seal off the donor chamber, thus preventing pressure-induced 
solvent flow between the donor and receiver chambers. Constant stirring was maintained 
by magnetic stir bars placed in the chamber on each side of the fritted glass disk. The 
solution temperature was maintained at 37 ± 1ºC by a circulating water bath. Samples (1 
mL) were taken from the receiver chamber and replaced with fresh PBS every hour for 
the first two hours of the experiment and every half hour for the remainder of the 
experiment. Donor solution samples (10 L) were taken in triplicate at the beginning and 
end of each experiment to monitor for depletion of permeants from the donor chamber. 
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All samples were mixed with 10 mL of radio scintillation cocktail (Ultima GoldTM, 
PerkinElmer, Waltham, MA) and were assayed by a liquid scintillation counter (Packard 
TriCarbTM Model 1900TR Liquid Scintillation Analyzer, PerkinElmer, Waltham, MA) 
using a dual counting protocol. 



















DD                         (2.1) 
where Jx and Jr are the experimental fluxes, Cx and Cr are the donor concentrations of the 
permeants, and the subscripts x and r refer to the permeant with an unknown diffusion 
coefficient and the reference permeant, respectively. Eq. 2.1 was used to calculate the 
diffusion coefficients for all of the permeants in the present study. Sucrose was used as a 
reference permeant (sucrose diffusion coefficient: 6.98×10-6 cm2/s at 37°C).17 The PBS 
buffer at ionic strength of 0.1 M served to essentially eliminate any diffusion potential 
effects upon the transport of an ionic permeant.18 
The Stokes-Einstein radius, RSE, was calculated using Eq. 2.2. 
D
kTRSE 6
                       (2.2) 
where k, T, D, and  are the Boltzmann constant, absolute temperature, diffusion 
coefficient, and viscosity of the solution, respectively. Eq. 2.2 is only correct when the 
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diffusing solute is much larger than the solvent. For obtaining a more accurate estimate of 















5.1                     (2.3) 
In Eq. 2.3 Rw is the radius of the water molecule and was assumed to be 1.5 Å. Eq. 2.3 
was derived empirically based on the diffusion behavior of nonionic solutes. When the 
solute is an ion in water the situation with regard to the applicability of Eq. 2.3 would 
appear to be less clear. We have selected Eq. 2.3 both for its simplicity and so that the 
results obtained in the current investigations could be directly compared to results 
obtained previously in our laboratory. 
 
2.2.3 Iontophoresis experiments with HMS  
The use of HMS allowed for relatively good control over the following 
parameters that could have affected membrane permeability: age of the skin, source of 
the skin supply, and the environmental conditions during animal development. The 
ability to control the supply of membrane samples was critical for this type of systematic 
study. Experiments with HMS were conducted at low current densities so that the steady-
state electrical resistance of the skin was similar from experiment to experiment and 
minimal changes in the membrane resistance were observed throughout the experiments. 
After sacrificing the animals (female hairless mice, strain SKH1-hr, at least 12 
weeks old from Charles River, Wilmington, MA; all experiments were reviewed and 
approved by the Institutional Animal Care and Use Committee at the University of Utah), 
sections of skin were removed from the abdomen. Except for the inclusion of a modified 
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stopper, the same diffusion cell configuration as that used for diffusion coefficient 
experiments was used for the HMS iontophoresis experiments. After sealing the HMS 
between the two halves of a side-by-side diffusion cell (volume of each half cell = 2 mL; 
diffusional area = 0.95 cm2), the HMS was allowed to equilibrate with PBS on both sides 
of the membrane for 2 hours. To determine the initial resistance (Rinit) of the HMS, 100 
mV was applied across the HMS and the current was measured using a four-electrode 
potentiostat system (JAS Instrument Systems Inc., Salt Lake City, UT). Ohm’s law was 
then used to calculate Rinit of the membrane. After equilibration in PBS, only those HMS 
samples with Rinit ≥ 25 k·cm2 were used for the iontophoresis experiments.  
Figure 2.1 shows a schematic representation of the experimental setup used. At 
the end of the equilibration period (2 hours) a silver foil electrode (0.3 cm × 4 cm) and a 
painted Ag/AgCl electrode (sites c and f) was attached to the anode and cathode, 
respectively, of the constant current device (site a) and placed in opposite chambers. 
Painted Ag/AgCl electrodes were prepared by dipping strips of silver foil (0.3 cm × 4 cm) 
in a mixture of liquid silver paint mixed with crushed AgCl powder (1:1 weight ratio). 
The silver foil and Ag/AgCl electrodes were used to apply a constant current density of 
0.11 ± 0.01 mA/cm2 to the HMS. The HMS was configured with the stratum corneum 
facing the cathode. This configuration was used for all of the iontophoresis experiments. 
Additional silver foil electrodes were placed on each side of the HMS (sites d and e) and 
connected to a voltmeter (site b). These additional electrodes were used to monitor the 
voltage drop across the membrane throughout the experiments. Constant stirring was 
maintained with magnetic stir bars on each side of the membrane. The entire diffusion  
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Figure 2.1. Schematic representation of iontophoresis experimental setup used for both 
HMS and synthetic ion exchange membrane experiments: (a) constant current power 
supply, (b) voltmeter used to monitor voltage drop across membrane, (c) silver foil 
electrode connected to anode of constant current device, (d and e) silver foil electrodes 
placed on each side of the membrane and connected to voltmeter, (f) painted Ag/AgCl 
electrode connected to cathode of constant current device, (g) magnetic stir bar used to 
maintain constant stirring, and (h) side-by-side diffusion cell.  
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cell assembly was submersed in a constant temperature water bath and the temperature of 
the bath was maintained at a temperature of 37 ± 1ºC via circulating water bath.   
Experiments were conducted using nonionic permeant pairs, anionic permeant 
pairs, or cationic permeant pairs. Probe permeants were grouped in pairs in order to allow 
the calculation of the effective pore radius based on the ratio of the permeability 
coefficients of the probe permeants (see explanation below) and to maximize 
experimental efficiency. At the start of the experiment, the donor chamber was filled with 
pre-mixed solution of PBS containing trace amounts (0.25-1.0 Ci/mL) of the 
radioisotope and/or radiolabeled permeants. Samples were taken from the receiver 
chamber (1 mL every hour) and donor chamber (10 L every two hours) for up to six 
hours. Receiver samples were replaced with an equivalent volume of fresh PBS. After 
analysis by liquid scintillation counting the following equation was used to calculate the 







 1                        (2.4) 
where A is the area of the membrane, CD is the concentration of the donor solution, and 
Q/t is the slope of the receiver cumulative amount vs. time plot (only the region where 
R2 > 0.98 was used to calculate experimental P-values). Effectively, the permeability 
coefficient in this case is simply the flux normalized by the donor concentration. The 
linear region of the receiver cumulative amount vs. time plot generally consisted of data 
collected when t ≥ 120 minutes. 
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2.2.4 Relating the experimental P-values to theory and 
calculating Rp 
 
2.2.4.1 Nonionic permeants 
When the transport of a nonionic molecule across a porous membrane is enhanced 
due to the presence of an electric field the following equation was used to relate the 









                     (2.5) 
Here, for the sake of simplicity, it was assumed that there was a single uniform pore size 
and that pores were represented by a circular cylinder with a length much greater than the 
diameter. In Eq. 2.5,' is the effective porosity of the membrane (where ’ = /, with  
defined as the fraction of the total membrane area available for permeant transport and  
is the tortuosity of the pathway), h is the membrane thickness, H is the hindrance factor 
for passive diffusion across the membrane, D is the diffusion coefficient of the permeant, 
and Pe is the Peclet number. Pe = Wvx/ (HD), where W is the hindrance factor for 
convective solvent flow, v is the solvent flow velocity, and x is the length of the 
pathway and is equal to the product of ×h. The hindrance factors W and H are described 











H  6                        (2.7) 
In Eq. 2.6 and 2.7,  = (1-)2 and r/Rp, where r is the solute radius (see Eq. 2.3) and 








































ns bbK         (2.9) 
with a1 = -1.2167; a2 = 1.5336; a3 = -22.5083; a4 = -5.6117; a5 = -0.3363; a6 = -1.216; a7 
= 1.647; b1 = 0.1167; b2 = -0.0442; b3 = 4.0180; b4 = -3.9788; b5 = -1.9215; b6 = 4.392; 
and b7 = 5.006. For Eqs. 2.6 – 2.9, W and H are valid when 0 ≤    ≤  1. The derivations 
of Eqs. 2.6 – 2.9 have been discussed extensively by Deen.20  
Under convective flow limiting conditions (i.e., when Pe ≥ 4 in Eq. 2.5), taking 
the ratio of permeability coefficients for two nonionic permeants results in the following 
equation (here and throughout the paper the subscripts 1 and 2 refer to the smaller and the 











nonionic             (2.10) 
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Eq. 2.10 was used to calculate Rp using data from iontophoresis experiments with 
nonionic permeants by taking the ratio of experimental P-values and iteratively solving 









           (2.11) 
Eq. 2.11 shows the lower bound of P-value ratios when electroosmosis is the dominant 
transport mechanism. This theoretical limiting value is distinctly different from the 
limiting value of permeability coefficient ratios for passive and electrophoretically 
enhanced membrane transport (see below).  
2.2.4.2 Ionic permeants  
For ionic permeants, the corresponding expression for the permeability 








           (2.12) 
where K = zF/(RT) and z is the charge of the permeant of interest, F is Faraday’s 
constant,  is the voltage drop across the membrane, R is the universal gas constant, 
and T is the temperature.21,22 In Eq. 2.12, H is the hindrance factor taken to be the same 
for both passive diffusion and electrophoretic migration of ions. All of the experiments 
were designed such that the enhancement due to the applied field was in the same 
direction as passive diffusion along the concentration gradient. The sign of Pe in Eq. 2.12 
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depends on the direction of electroosmosis with respect to electrophoretic enhancement. 
When electroosmosis and electrophoresis are in opposite directions, the negative sign is 
used. When electrophoresis and electroosmosis are in the same direction, the positive 
sign is used. For HMS experiments conducted at pH 7.4, the positive sign and the 
negative sign are used for cations and for anions, respectively.  
 Under conditions where exp[-(K ± Pe)] << 1.0,  
)(' PeK
h
HDPion             (2.13) 
In such cases the permeability coefficient of an ionic permeant can be expressed as a 
linear combination of the electrophoretic portion, Pion,ep , and the electroosmotic portion, 
Pion,eo, of the total experimental permeability coefficient. In other words, 
 
eoionepionion PPP ,,             (2.14) 
Again, the sign of the electroosmotic portion of the total permeability depends on the 
direction of electroosmosis with respect to electrophoresis. As will be shown later, the 
condition exp[-(K ± Pe)] << 1.0 would seem to be appropriate for all situations 
encountered in the present study. According to Eq. 2.14, by substituting the appropriate 
experimentally deduced Pnonionic value for Pion,eo we are able to calculate Pion,ep by simply 
adding or subtracting the Pnonionic value from Pion in Eq. 2.14. How this is done will be 
described in further detail in the Results section. Using this approach may overestimate to 
some degree the contribution from electroosmosis to the total permeability coefficient 
(Pion) for the smallest permeants; however, this was not expected to be of concern in 
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those cases where Pion,eo was significant compared to Pion,ep (i.e., for the largest 
permeants, TC and TPP, where Pe was expected to be large). After accounting for the 
contribution from electroosmosis, pore sizes appropriate for ionic permeant pairs could 
be calculated using the following equation: 










epion             (2.15) 
where H is given by Eq. 2.7. For permeants transported under only passive conditions, 
Eq. 2.15 may also be used by substituting the ratio of passive permeability coefficients 













            (2.16) 
Eq. 2.16 shows that for both passive transport and transport that is dominated by 
electrophoresis, the lower limit of permeability coefficient ratios for very large Rp is 
simply the ratio of diffusion coefficients. 
 
2.2.5 Permeability experiments with a model synthetic membrane 
A review of the literature has revealed no assurances that, for a given membrane, 
Rp values calculated using Eq. 2.6 and Eq. 2.10 with electroosmosis data and Rp values 
calculated using Eq. 2.7 and Eq. 2.15 with electrophoresis data should be essentially the 
same, especially when the permeant molecular radius becomes comparable to Rp. For this 
reason experiments were conducted with a model synthetic membrane to examine this 
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question. Permeability experiments were conducted with the synthetic cation exchange 
membrane IONAC™ MC-3470, a heterogeneous membrane with a net negative pore 
surface charge (cation exchanger) and low porosity, obtained from Sybron Chemicals 
(Birmingham, NJ). This synthetic membrane was not expected to exhibit any significant 
membrane alterations in the presence of an applied external electric field whereas 
considerable porosity and/or pore size changes in mammalian epidermal membranes are 
known to take place with increasing applied voltages during iontophoresis.22,23 
Before each transport experiment, the membranes were washed with water and 
sonicated for ~15 minutes using a Bransonic ultrasonic cleaner (Branson Ultrasonic 
Corp., Danbury, CT). The membranes were then allowed to equilibrate in PBS for at least 
12 hours before assembling the diffusion cell. The diffusion cell setup consisted of 
essentially the same arrangement as shown in Figure 2.1 with two of the synthetic 
membranes sandwiched between the two half-cells. After equilibration, the donor 
chamber was filled with a premixed PBS solution containing trace amounts of 
radiolabeled permeants (0.25-1.0 Ci/mL). [14C] mannitol and [3H] raffinose were 
selected for these experiments. Constant temperature (37 ± 1°C) and stirring were 
maintained throughout the experiments. During the iontophoresis experiment, a current 
density of 2.9 ± 0.3 mA/cm2 was required to observe significant enhancement of nonionic 
molecules relative to passive diffusion. It was also necessary to replace the electrodes and 
solutions in the anodal and cathodal chambers every 45 minutes because of the 
electrochemical depletion of ions from the PBS solution. Passive permeability and 
constant current iontophoresis experiments were conducted on alternate days. The donor 
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and receiver chambers were rinsed repeatedly with fresh PBS between each of the 
experiments. Experimental permeability coefficients were calculated using Eq. 2.4. 
Calculating the ratio of the iontophoretically enhanced permeability coefficients 
to passive permeability coefficients resulted in the enhancement factor, E, which was a 









          (2.17) 
The calculation of Pe was necessary to ensure that iontophoresis experiments were 
conducted under convective flow limiting conditions; it was then possible to determine 
Rp of the synthetic ion exchange membrane based on the ratio of the iontophoretic 
permeability coefficients for mannitol and raffinose and Eq. 2.10. Under passive 
conditions Rp was determined using the ratio of experimental permeability coefficients 





2.3.1 Measurement of diffusion coefficients  
Diffusion coefficients obtained from the fritted glass disk diffusion experiments 
are shown in Table 2.1. Also shown for each permeant is the nominal charge, molecular 
weight, Stokes-Einstein radius (calculated using Eq. 2.2), hydrodynamic radius 
(calculated using Eq. 2.3), and diffusion coefficients taken from the literature. The use of 
Eq. 2.3 resulted in the largest percentage differences between RSE and r when applied to  
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Table 2.1. Summary of nominal charge, MW, experimentally determined diffusion 
coefficients, Stokes-Einstein radius, equivalent solute radius, and literature diffusion 
coefficients for probe permeants considered in this study.  


















17.6 ± 0.9 



















12.7 ± 0.4 
11.8 ± 0.7 



















5.7 ± 0.1 
4.9 ± 0.3 










a Mean experimental diffusion coefficients ± SD, for n ≥  3 experiments.  
b Values have been corrected for viscosity and temperature changes. 
c Diffusion coefficient was calculated using the relationship zFD = RgasT, where  is the 
electromobility at infinite dilution, z is the valence, Rgas is the gas constant, T is the 
temperature, and F is Faraday’s constant. 24 
d Literature diffusion coefficients for nonionic molecules were measured in water and 
extrapolated to infinite dilution.25  
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the smallest permeants. For example, using Eq. 2.3 to calculate the radius, r, of the 
chloride ion resulted in a radius that was 58% larger than the calculated value of RSE; 
however, applying the same correction to the TPP ion resulted in only a 2% increase in r 
relative to RSE. These results demonstrate, as expected, that Eq. 2.2 was most accurate 
when the permeant molecular size was much larger than that of the solvent. While the use 
of Eq. 2.3 allows for direct comparison with previous data from our laboratory, using this 
equation to correct for the radius of ions may not be appropriate because the equation 
only accounts for steric interactions with the surrounding solvent molecules. The 
diffusion coefficients determined for ions and uncharged polar molecules were in close 
agreement with values that were used in previous studies conducted in our laboratory.14,21 
  
2.3.2 HMS iontophoresis experiments with ionic permeants 
The results of HMS iontophoresis experiments using ionic permeants as the probe 
permeants are summarized in Table 2.2 (anionic permeant pairs) and Table 2.3 (cationic 
permeant pairs). The data are the initial resistance (Rinit) of the HMS, the steady-state 
resistance of the HMS during iontophoresis (Rs-s), the experimental permeability 
coefficients (Pion), the electrophoretic portion of the total permeability coefficient(Pion,ep), 
and the effective pore radius, Rp, calculated from the mean of Pion,ep ratios and Eq. 2.15. 
Pion,ep values were calculated using Eq. 2.14. The value of Pion,eo for each ion was 
estimated by plotting Pnonionic values of the nonionic permeants (taken from Table 2.4) 
versus their respective diffusion coefficients and then using the resulting best fit line of 
the plot to obtain Pion,eo by interpolating for the diffusion coefficient value of the ionic  
  














(10-7 cm/s) Ratio 
a Rp (Å)b 
36Cl:Sal 181 ± 137 7 ± 2 51 ± 3 21 ± 1 56 ± 3 23 ± 1 2.45 (2.37, 2.52) 49 (41, 67) 
36Cl:TC 110 ± 76 6 ± 1 49 ± 4 2.8 ± 0.4 55 ± 4 3.8 ± 0.3 14.5 (13.3, 15.6) 22 (21, 24) 
Sal:TC 104 ± 28 7 ± 1 23 ± 1 3.5 ± 0.4 25 ± 1 4.6 ± 0.4 5.5 (4.9, 6.2) 20 (18, 22) 
Data points represent mean ± SD for n ≥ 6 experiments. The subscripts 1 and 2 represent the smaller and larger of the two permeants, 
respectively. 
a Mean of Pion,ep,1/Pion,ep,2 from individual experiments. The upper and lower limits of the 95% CI are shown in parentheses.  
b Rp calculated using Eq. 2.15 and the mean value of Pion,ep,1/Pion,ep,2. Upper and lower limits shown in parenthesis were calculated 



















Ratio a Rp (Å)b 
22Na:TEA 132 ± 88 5 ± 1 44 ± 2 24 ± 2 41± 2 22 ± 2 1.9 (1.7, 2.0) 19 (16, 33)
22Na:TPP 100 ± 60 7 ± 1 49 ± 4 6.4 ± 1.1 48 ± 4 5.9 ± 1.1 8.4 (6.6, 10.2) 30 (25, 40)
TEA:TPP 110 ± 31 5 ± 1 27 ± 6 5.8 ± 2.2 30 ± 7 5.3 ± 2.2 6.3 (3.4, 9.2) 24 (19, 55)
Data points represent mean ± SD for n ≥ 5 experiments. The subscripts 1 and 2 represent the smaller and larger of the two permeants, 
respectively. 
a Mean of Pionep,1/Pion,ep,2 from individual experiments. The upper and lower limits of the 95% CI are shown in parentheses. 
b Rp calculated using Eq. 2.15 and the mean value of Pion,ep,1/Pion,ep,2. Upper and lower limits shown in parenthesis were calculated 
based on the 95% CI of mean Pion,ep,1/Pion,ep,2  values. 
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Ratio a Rp (Å)b Rp (Å)c 
Urea:Mann 92 ± 31 7 ± 1 3.1 ± 0.5 1.2 ± 0.2 2.7 (2.5, 2.9)  6.7 (6.5, 7.0) 6.8 (6.6, 7.0) 
Urea:Raff 105 ± 63 6 ± 1 3.9 ± 0.6 1.2 ± 0.2 3.4 (2.8, 3.9) 9.9 (9.4, 10.6) 10.3 (9.8, 11.2) 
Mann:Raff 73 ± 51 6 ± 1 1.9 ± 0.5 1.3 ± 0.3 1.5 (1.4, 1.6) 13.4 (12.5, 14.7) 14.7 (13.4, 16.6) 
Data points represent mean ± SD for n ≥ 6 experiments. The subscripts 1 and 2 represent the smaller and larger of the two permeants, 
respectively. 
 
a Mean of Pnonionic,1/Pnonionic,2 from individual experiments. The upper and lower limits of the 95% CI are shown in parentheses. 
 b Rp calculated using Eq. 2.10 and mean value of Pnonionic,1/Pnonionic,2. Upper and lower limits shown in parenthesis were calculated 
based on the 95% CI of mean values. 
c Rp calculated using Eq. 2.20 and Pe values of 2.2, 2.5, and 5.7 for urea, mannitol, and raffinose, respectively. Upper and lower limits 




permeant. The data in parentheses (the last column of Table 2.2 and Table 2.3) represent 
the lower and upper limits of Rp estimates which were calculated using the upper and 
lower limits of the 95% confidence interval (CI) of mean Pion,ep ratios.  
Figure 2.2 shows a plot of Pion,ep values for cations and anions versus their 
respective diffusion coefficients. The two lines drawn through the data are best-fit lines 
illustrating the differences in Pion,ep values for anions versus cations. Figure 2.2 showed 
that Pion,ep values for cations were typically higher compared with Pion,ep for anions. 
 
2.3.3 HMS iontophoresis experiments with nonionic permeants 
The results of HMS iontophoresis experiments with the nonionic permeants are 
summarized in Table 2.4. The data are the initial HMS resistance (Rinit), the steady-state 
resistance of HMS during iontophoresis (Rs-s), the experimental permeability coefficients 
of urea, mannitol, and raffinose (Pnonionic; calculated using Eq. 2.4), the mean 
permeability coefficient ratio (Pnonionic,1/Pnonionic,2) and the effective pore radius calculated 
using the mean permeability coefficient ratio and Eq. 2.10 under the assumption of 
convective flow limiting conditions (i.e., for Pe > 4). Data in parenthesis represent the 
lower and upper limits of Rp estimates which have been calculated based on the upper 
and lower limits of the 95% CI of mean Pnonionic ratios. 
To examine the convective flow limit assumption used in the calculation of Rp for 
nonionic permeants, the following method was used to estimate Pe for each of the 
nonionic permeants. The permeability coefficient of a hypothetical ion, P°ion, having a 
diffusion coefficient equal to that of the nonionic permeant may be represented by a line 
drawn midway between the two regression lines in Figure 2.2. The hypothetical ion is 
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Figure 2.2. Electrophoretic portion of permeability coefficients, Pion,ep , plotted against 
their respective diffusion coefficients for anions and cations: (▲) anionic permeants, (■) 
cationic permeants, Y-error bars represent the standard deviation (SD) of mean values, 
and X-error bars represent the SD of experimentally determined diffusion coefficients. 
Dashed lines represent the best-fit lines for anionic and cationic permeants. The solid line 
represents the permeability coefficient of the hypothetical ion where the difference 
between Pion,ep for a positive and negative ion has been eliminated. 
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defined as that for which the difference between Pion,ep for a positive ion and a negative 
ion with the same diffusion coefficient has been arbitrarily eliminated. As discussed later, 
this difference likely arises from the difference in the pore microenvironment partitioning 
tendency between a negative ion and a positive ion of the same size. On the basis of the 
mean value of the measured applied voltage during iontophoresis experiments, the mean 
value of K was 25.4 for |z| = 1. From Eq. 2.12, under the assumption that (K + Pe) > 4 





,            (2.18) 
Since P°ion was obtained for an ion with the same diffusion coefficient as that of the 
nonionic permeant, it is reasonable to assume that Pion,passive ≈ Pnonionic,passive. With such an 
estimate for Pnonionic,passive, it is possible to calculate the value of Pe for each of the 
nonionic permeants using Eq. 2.17 and the Pnonionic values. The value of Pe can then be 






          (2.19) 
Using Eq. 2.19 eliminates the need for the assumption that K >> Pe. Eq. 2.19 was then 
used iteratively, along with Eq. 2.17, until estimates of Pe converged to a single value. 
Using Eq. 2.19 we obtained Pe estimates of 2.2, 2.5, and 5.7 for urea, mannitol and 
raffinose, respectively. As expected, Pe decreased as the size of the permeant decreased. 
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By this analysis, it is also apparent that the convective flow limit assumption, Pe > 4, 
would be true only in the case of the largest nonionic permeant, raffinose.  
To understand the effect of assuming convective flow limiting conditions in the 
calculation of Rp for nonionic permeants, Rp was also calculated using Eq. 2.20, which 
allowed for the consideration of Pe. 


















          (2.20) 
Rp estimates of 6.8, 10.3, and 14.8 Å were obtained based on the mean of urea:mannitol, 
urea:raffinose, and mannitol:raffinose permeability coefficient ratios, respectively. The 
largest difference observed in values of Rp calculated with and without assuming 
convective flow limiting conditions was observed for the mannitol:raffinose pair and was 
around 1.5 Å. For the other two pairs, urea:mannitol and urea:raffinose, using Pe in the 
calculation of Rp made little difference in the final results. The results of calculating Rp 
using Eq. 2.20 are shown in the final column of Table 2.4.  
 
2.3.4 Synthetic membrane permeability experiments  
The results of permeability experiments with the synthetic ion exchange 
membrane are summarized in Table 2.5. Passive and enhanced permeability coefficients 
are shown for the two diffusion cells. Experimental Pe values were calculated using Eq. 
2.17. The mean ± SD of Pe was 5 ± 1 and 94 ± 11 for mannitol and raffinose, 
respectively. Given the experimental Pe values, it is clear that the iontophoretically 
enhanced transport experiments took place under convective flow limiting conditions. Rp  
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Table 2.5. Summary of synthetic ion exchange membrane data with mannitol (mann) and 
raffinose (raff) as the probe permeant pair. 
Diffusion Cell Condition Pmann (10-7 cm/s) Pemann
Praff 
(10-8 cm/s) Peraff
1 Passive   2.1 ± 0.2 N/A   1.1 ± 0.2 N/A 
 3 mA/cm2   9.9 ± 0.7 5  98.8 ± 7.2 90 
2 Passive   2.4 ± 0.1 N/A    1.3 ± 0.3 N/A 
 3 mA/cm2     12.6 ± 1.9 5   126.2 ± 19.1 99 
Permeability coefficients shown represent mean ± SD for n ≥ 3 experiments. Pe was 
calculated using Eq. 2.17. 
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was calculated for experiments conducted under iontophoretic conditions using the ratio 
of experimental permeability coefficients and Eq. 2.10. Rp was also calculated for 
experiments conducted under passive conditions using the ratio of experimental P-values 
and Eq. 2.15. The mean Rp value (mean ± SD; n = 14 experiments) calculated for 
experiments where electroosmosis is the dominant driving force was 7.2 ± 0.2 Å. The 
mean Rp value (mean ± SD; n = 12 experiments) calculated for experiments under 
passive diffusion conditions was 7.0 ± 0.3 Å. The results of synthetic membrane 
experiments demonstrated that using W (Eqs. 2.6 and 2.10) and H (Eqs. 2.7 and 2.15) 
resulted in mean Rp values that were comparable.   
The steric partition function (in Eq. 2.6 and Eq. 2.7 has also been used 
successfully in previous studies to predict nonionic solute rejection in nanofiltration 
membranes.26,27 However, much of the work done with nanofiltration membranes has 
focused on the rejection of solutes under conditions where high pressure was used to 
induce solvent flow across the membrane. The results of our experiments with synthetic 
ion exchange membranes demonstrated that W and H (Eq.  2.6 and Eq. 2.7, respectively) 





2.4.1 Electrical properties of HMS 
Although Rinit values varied widely for HMS samples in these experiments, Rs-s 
values showed noticeably lower variability (see Tables 2.2 – 2.4). Reduced variability 
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was reflected in the lower percent relative standard deviations (%RSD) for mean Rs-s 
values, compared to Rinit values. In some cases the %RSD of Rs-s values decreased up to 
threefold compared to the %RSD of Rinit values. One-way analysis of variance (ANOVA) 
was used to compare mean Rs-s values from experiments conducted with each of the 
permeant pairs. Mean Rs-s values were significantly different (p < 0.05) from each other 
for sets of experiments conducted using different permeant pairs. Differences among 
mean Rs-s values demonstrate that, even at low current densities and using HMS samples 
from the same source, maintaining constant electrical conductance properties of HMS 
samples was difficult.  
Although the trend of decreasing variability for Rs-s values compared with Rinit 
values was similar for HMS and HEM, HMS showed a lower degree of variability in Rs-s 
values. Previous studies conducted by Zhu et al. have shown Rs-s values of HEM varied 
from 6 to 14 k·cm2 under conditions of low current density (0.13 mA/cm2) DC 
iontophoresis experiments.15 For all of the iontophoresis experiments in the current study, 
mean Rs-s values varied from 4.6 to 7.6 k·cm2. To maintain consistent Rs-s values while 
using HEM as the model membrane, Zhu et al. proposed using an applied alternating 
current to maintain control of Rs-s values.15 This approach was not used in the present 
studies. 
 
2.4.2 Transport behavior of ions and nonionic permeants across HMS 
With the exception of TC and TPP, electroosmosis did not seem to play an 
important role in the transport of small ionic permeants. Evidence for this was seen by 
comparing Pion,ep values for ions (Tables 2.2 and 2.3) to the Pnonionic values (Table 2.4). In 
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contrast, for the largest ionic permeants (TC and TPP) the contribution of electroosmosis 
to the total permeability coefficient, Pion, was relatively large (compare, for example, 
Pion,ep values of TC and TPP with Pnonionic of raffinose). Calculated Pe values for the 
nonionic permeants were also consistent with the decreasing importance of 
electroosmosis observed for the small permeants.  
In addition to similarities in the electrical properties of HMS and HEM, the 
iontophoretic permeability coefficients of mannitol and TEA were also similar for the 
two membranes. Within the scatter of the data, mannitol permeability coefficients for 
HMS overlap with those observed for HEM under similar experimental conditions 
(1.5×10-7 ± 0.8×10-7 cm/s with HMS compared to 2.1×10-7 ± 1.0×10-7 cm/s using HEM 
as the model membrane15). The permeability coefficients of TEA obtained from 
iontophoresis experiments with HMS were also comparable to those obtained using HEM 
as the model membrane under similar iontophoresis conditions (2.5×10-6 ± 0.5×10-6 cm/s 
with HMS compared to 4.7×10-6 ± 1.7×10-6 cm/s using HEM as the model membrane; n 
= 8; unpublished results).  
Further evidence of the similarities between HMS and other mammalian 
epidermal membranes is seen in the calculated effective porosity value. Using the 
experimental value of K (mean value of 25.4), the Rp value calculated for each of the 
ionic permeant pairs, an h value of 15 m (values of h reported in the literature range 
from 10 – 25 m4,28,29), the Pe value calculated for the nonionic permeant with a similar 
size to that of the ionic probe permeant, and the value of D, values of ’ were calculated 
using Eq. 2.12 for each of the ionic probe permeants. Calculated values of ’ ranged from 
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1.4×10-5 to 2.6×10-5. Mitragotri has also reported a porosity value of 2×10-5 for porcine 
skin having an electrical resistance of approximately 100 k·cm2.29 Pikal reported a 
value of 6.9 ×10-5 for the total porosity of HMS.4 Given the differences in the membrane 
types, experimental details, and theoretical models used to calculate the porosity values, 
it is quite remarkable that all of the porosity values are within two or threefold of each 
other. 
  
2.4.3 Effective pore radius values 
According to the theory of electroosmosis, enhanced transport of nonionic 
molecules during transdermal iontophoresis at neutral pH is dominated by pore pathways 
with a negative surface charge; therefore, Rp values obtained from experiments with 
nonionic permeants were expected to reflect the size of negatively charged pore 
pathways.12 The Rp values obtained using charged permeants were expected to reflect the 
radius of both charged and uncharged pore pathways. In addition to differences among 
Rp estimates obtained using charged permeants compared to Rp obtained from 
experiments with nonionic molecules, there also appears to be a size distribution among 
Rp values obtained from experiments with nonionic permeant pairs.  
Except for the Rp value of 49 Å calculated for the Cl:SA pair, the majority of Rp 
values calculated based on the mean permeability coefficient ratios for ionic permeants 
were in the range of 19 – 28 Å (see final columns of Tables 2.2 and 2.3). To show that 
the large Rp estimates obtained from the Cl:SA pair were not a result of using the 
corrected solute radius (r) to calculate Rp instead of the Stokes-Einstein radius (RSE), RSE 
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was also used with Eq.  2.15 to calculate values of Rp.  Using RSE in the place of r to 
calculate values of Rp made little difference in the results.  
One possible explanation for the large values of Rp obtained for the Cl:SA pair 
can be seen in the theoretical plots shown in Figure 2.3. The calculation of Rp for the 
smallest permeant pairs was much more sensitive to variability in the permeability 
coefficient ratios compared to calculations using the ratio of permeability coefficients for 
permeant pairs with larger mean solute radii. According to Figure 2.3, in the Rp region of 
interest (i.e., 17 – 30 Å), small changes in the Cl:SA and Na:TEA permeability 
coefficient ratios resulted in large changes in the calculated Rp values. In the case of the 
Cl:SA pair, a 15% decrease in the permeability coefficient ratio could result in an 
increase of almost 30 Å in the calculated value of Rp.  
Although small, the differences in the Pion,ep and Rp values between the cationic 
and the anionic permeants are consistent with the interpretation that the negatively 
charged pores of the membrane having pore radii and an electrical double layer thickness 
on the same order of magnitude as the radius of the diffusing ionic permeant exhibited 
preferential selectivity for the cationic permeants. Munch et al. found that in order to 
model the transport of large negatively charged macromolecules in pores with a 
negatively charged surface it was necessary to treat the electrical double layer as a static 
barrier for synthetic membranes having a negative surface charge where the interaction 
between the pore wall and the permeant was repulsive.30 Although differences in the Rp 
values in Tables 2.2 and 2.3 were within the scatter of the data, the upper limit of the 
range of Rp values calculated for the cationic permeant pairs was generally larger (with 
the exception of the Cl:SA pair) than the upper limit for the anionic permeant pairs. This  
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Figure 2.3. Plot of the theoretical permeability coefficient ratio (Pion,1/Pion,2) versus the 










trend, along with the differences of Pion,ep between cations and anions (see Figure 2.2), is 
consistent with the transport behavior observed by Munch et al. Rp values obtained from 
experiments with nonionic permeants were consistently lower than those obtained from 
experiments with ionic molecules. Flux experiments with the model synthetic membrane 
indicated that, for membranes having relatively uniform transport pathways, using W (Eq.  
2.6 and Eq. 2.10) and H (Eq. 2.7 and Eq. 2.15) to obtain Rp should have resulted in 
similar values.  
There also appeared to be a distribution of Rp values observed in experiments 
with the nonionic permeants. Notice that Rp estimates obtained from the urea:mannitol 
pair resulted in the smallest Rp values while using the urea:raffinose and 
mannitol:raffinose pairs to calculate Rp resulted in larger Rp estimates. This trend 
suggests that a distribution of pore radii may exist within the population of the negatively 
charged pores in HMS. Differences observed in Rp values calculated for nonionic and 
ionic permeants are consistent with earlier work reviewed by Pikal.12 Pikal reported that 
it was necessary to include multiple pore pathways having positive, negative, and zero 
surface charge characteristics in order to model data obtained from electrical conductivity 
experiments with HMS. In addition to considering a model requiring pores with different 
surface charge characteristics, Pikal also suggested that each type of pore had a different 
pore radius. Although Rp estimates calculated in the present study indicate a different 
rank order compared to earlier results from Pikal (i.e., the present results of negatively 
charged pores being smaller than the combination of neutral and charged pores compared 
to larger negative pores as suggested by Pikal), it is important to keep in mind that Pikal’s 
experiments were conducted at different current densities and pH ranges.  
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On the basis of the work of Pikal and the results of the present study, nonionic 
molecules are likely to be iontophoretically transported (i.e. via electroosmosis) through 
only a fraction of the total pores available for permeant transport in HMS. Since Pe 
estimates were obtained using ionic permeant data to estimate the passive permeability 
coefficient and because electrophoretic enhancement of ionic permeant transport occurs 
in all of the available pore pathways (i.e., pathways with both neutral and negative 
surface charge), it is likely that that we may have underestimated the Pe values using the 
approach reported in the present study (i.e., the Pe values based on Eq.  2.19). We have 
therefore also examined a two-pathway model with the same data set. Using the Nernst-
Planck equation and defining the term  to be the fraction of total pores with zero surface 
charge, Eq. 2.21 can be used to gain a sense of whether restricting the available pores for 
electroosmosis may provide insight into the differences in the Rp results between the 













         (2.21) 
The above model takes into account the transport of nonionic permeants in pores with 
zero surface charge and in pores having negative surface charge. Generally, using a two-
pathway model to calculate Pe and Rp values resulted in higher values of Pe but seemed 
to have little effect on the calculated Rp values compared to the values shown in Table 
2.4.  
Of practical significance is that the Rp values obtained using urea:mannitol as the 
permeant pair were similar to those obtained from experiments using HEM as the model 
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membrane. The mean Rp value obtained from urea:mannitol experiments with HMS was 
6.7 Å (Table 2.4), whereas Rp values obtained in previous studies conducted in our 
laboratory using HEM under similar iontophoresis conditions and with urea:mannitol as 
the probe permeants were in the range 5.7 Å – 7.1 Å.13,15 
 
2.5 Conclusions 
Using the hindrance factor equations in conjunction with the modified Nernst-
Planck model provided an opportunity to use steady-state permeability data collected 
from HMS iontophoresis experiments to systematically compare the transport of a range 
of permeants with different size and charge characteristics. Comparing the results of DC 
iontophoresis experiments with charged versus nonionic permeants confirmed the 
existence of heterogeneous pore pathways within the HMS epidermal membrane 
(possibly mammalian epidermal membranes in general) possesing differences in both 
pore size and variable surface charge characteristics. The results of iontophoresis 
experiments with ionic probe permeants showed modest ion-selectivity for HMS under 
conditions of the low current density DC iontophoresis of the present study. Given the 
reduced variability in electrical properties and the similarities between the experimental 
permeability coefficients and calculated Rp values for HMS compared to HEM, HMS 
was found to be an appropriate model membrane for HEM and may be considered for 
such under the conditions of the present study (low current density and relatively short 
duration).  
These experiments were conducted under conditions in which the ionic strength 
and buffer composition was the same on both sides of the HMS. The current experiments 
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have also provided suitable baseline data for further systematic investigations where one 
side of the HMS was exposed to varying concentrations oligomeric polyanions.  
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IONTOPHORESIS OF SMALL NONIONIC MOLECULES  





The ability to enhance and control the transdermal delivery of bioactive agents is 
one of the principal motivations for the development of transdermal iontophoresis 
delivery systems. Because iontophoresis is typically considered as a method to enhance 
the delivery of molecules from an external compartment, the process of extracting 
analytes via iontophoresis is commonly referred to as reverse iontophoresis.1-6 Although 
the potential for enhanced and controlled drug delivery from an external reservoir has 
been a significant focus of many investigators, the application of iontophoresis to extract 
therapeutically relevant molecules has also shown significant promise. In 2001 the 
Glucowatch Biographer® (Cygnus, Inc., Redwood City, CA) was approved by the US 
FDA to noninvasively monitor blood sugar levels in adults.7 Leboulanger et al. have 
reviewed the application of reverse iontophoresis in monitoring several additional 
analytes of interest including phenytoin, lithium, valproate, theophylline, and clonidine 
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among others.8 One disadvantage of using this technique to monitor blood levels of 
analytes is the relatively slow rate of transport across the epidermal membrane and the 
low levels of the extracted analyte. Techniques to enhance the transport of molecules 
from the dermal or blood side of the epidermal membrane would be of value. By 
increasing the rate of extraction, it may be possible to reduce the lag time between the 
changes in the blood concentration and the extracted levels of analytes while at the same 
time reducing the analytical sensitivity requirements for the assay of the extracted 
analytes. One of the purposes of the current studies was to characterize the enhanced 
extraction of nonionic molecules observed during the cotransport of oligomeric 
polyelectrolytes.  
In an effort to better understand the mechanisms involved in the iontophoretic 
transport of small molecules, our laboratory has conducted experiments to characterize 
the transport properties of the hairless mouse skin (HMS) epidermal membrane under 
constant direct current (DC) iontophoresis conditions. The results summarized in Chapter 
2 have demonstrated the utility of using full thickness HMS as a model membrane to gain 
a better understanding of the behavior of the epidermal membrane during DC 
iontophoresis. Experiments described in Chapter 2 (referred to as “baseline” experiments) 
were conducted with equal concentrations of phosphate buffered saline (PBS) in both the 
cathodal and anodal compartments. 
In preliminary experiments designed to improve the reproducibility and efficiency 
of reverse iontophoresis, it was noted that having sodium polystyrenesulfonate (PSS) 
present in the cathodal chamber of the iontophoresis system resulted in significant 
changes in the transport behavior of the HMS. In particular, the magnitude of 
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electroosmosis (one of the principal driving mechanisms of the iontophoretic transport 
for ionic and nonionic molecules) in constant current iontophoresis experiments appeared 
to increase considerably compared to baseline experiments. In the present and subsequent 
studies, iontophoretic permeability coefficients for the same set of permeants as those 
used in the baseline experiments have been determined under conditions in which varying 
concentrations of sodium PSS were present in the cathodal chamber of iontophoresis 
experiments which were conducted at the same current density as in the baseline studies. 
Although several investigators have previously reported results of experiments showing 
the iontophoresis-enhanced delivery of oligonucleotides and other moderately high 
molecular weight polyvalent ions,9-12 the primary aim of the present study was to 
investigate changes that occur in the transport of nonionic permeants from the anodal 
chamber with the concomitant transport of an oligomeric polyanion (Mp > 1000 Daltons) 
from the cathodal chamber.  
The following experimental strategy was used to quantify the changes in the 
transport behavior of the HMS when an oligomeric polyanion (PSS) was transported 
during low current density DC reverse iontophoresis extraction of nonionic permeants: (i) 
investigate the transport of PSS molecules across the HMS; (ii) measure the iontophoretic 
permeability coefficients of nonionic probe permeants and assess changes in the transport 
behavior of HMS when sodium PSS is present in the cathodal chamber; (iii) estimate the 
effective pore radius (Rp) based on the ratio of nonionic probe permeant permeability 
coefficients; and (iv) evaluate changes in the electrical properties of the HMS with 
varying concentrations of sodium PSS present in the cathodal chamber during 
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iontophoresis. All of the data collected in these experiments were compared with results 
of baseline experiments. 
 
3.2 Materials and Methods 
 
3.2.1 Materials 
[3H] raffinose (Raff) was obtained from American Radiolabeled Chemicals (St. 
Louis, MO). [14C] Mannitol (Mann) and [3H] mannitol were obtained from Perkin Elmer 
Life Sciences (Boston, MA). [14C] Urea was obtained from Moravek Biochemicals (Brea, 
CA). Radiolabeled chemicals had an advertised purity of ≥ 98%. The purity of 
radiolabeled compounds was verified via HPLC before and after selected experiments. 
The diffusion coefficient and molecular radius of the radiolabeled permeants were 
previously determined in baseline experiments (see Table 3.1 for physical parameters 
reported with baseline studies). Chemicals used to prepare buffer and polyelectrolyte 
solutions were reagent grade and purchased from Sigma-Aldrich Company (St. Louis, 
MO), unless otherwise specified. Solutions were prepared using deionized water that was 
purified using a Milli-Q® filtration system (resistivity > 10 M·cm: Millipore Corp., 
Billerica, MA).  0.1 M ionic strength phosphate buffered saline (PBS: 0.013 M total 
phosphate; 0.077 M NaCl) with 50 mg/L gentamicin added as a preservative was 
prepared and adjusted to pH 7.4. Liquid silver paint was obtained from Ladd Research 
Industries (Williston, VT). Silver foil and other laboratory supplies were obtained from 
VWR Inc. (West Chester, PA). 
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Table 3.1. Properties of radiolabeled permeants used for iontophoresis experiments.  







18 ± 1 
8.9 ± 0.1 




a See Chapter 2 for details of diffusion coefficient experiments and radius calculations. 
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Sodium PSS calibration standard (Mp = 1370, Mw = 1430 and Mn = 1200) was 
obtained from American Polymer Standards (Mentor, OH). This particular sodium PSS 
calibration standard was selected because of its high water solubility (> 140 mg/mL), 
high molecular weight, and availability as a calibration standard having a relatively 
narrow polydispersity (Mw/Mn = 1.2) compared to other readily available commercial 
polymers. Solutions containing sodium PSS were prepared by mixing an appropriate 
amount of dry sodium PSS powder with purified water. For the highest concentration of 
sodium PSS (137 mg/mL) investigated, it was necessary to adjust the pH of the PSS 
solutions to pH 7 using a 50% w/w solution of NaOH (typically < 30 L was required to 
neutralize 2 mL of the highest concentration sodium PSS solutions). 
 
3.2.2 Solution conductance and viscosity determinations    
 The solution conductivity and relative viscosity of PBS and sodium PSS solutions 
were measured. The solution conductance was determined using a conductivity meter 
(Oakton WD-35607; Fisher Scientific, Pittsburgh, PA) at room temperature. Meter 
calibration was carried out using KCl calibration standards. 
The relative viscosity of solutions was determined using an Ostwald viscometer 
(Fisher Scientific). The viscosity of sodium PSS solutions was determined at 27°C 









              (3.1) 
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where tand are the density, flow time and viscosity of the solutions, respectively. 
Values for the density and viscosity of water at 27°C were 0.9956 g/mL and 0.8513 cp, 
respectively.13 
 
3.2.3 HMS iontophoresis experiments with sodium PSS  
in the cathodal chamber  
The cotransport of PSS during reverse iontophoresis experiments required some 
modifications to the setup compared to the experimental setup employed in baseline 
studies conducted with equal concentrations of PBS on both sides of the membrane. After 
sacrificing the animals (female hairless mice, strain SKH1-hr, at least 12 weeks old from 
Charles River, Wilmington, MA; all experiments were reviewed and approved by the 
Institutional Animal Care and Use Committee at the University of Utah), sections of skin 
were removed from the abdomen. HMS samples were placed between the two halves of 
the diffusion cell (volume of each half cell = 2 mL; diffusional area = 0.95 cm2) and 
allowed to equilibrate with PBS on both sides of the membrane for 1.5 hours. Pre-
equilibration with PBS on both sides of the membrane was performed to ensure that the 
initial resistance (Rinit) was measured under conditions similar to those of the baseline 
experiments. To determine Rinit of the HMS sample, 100 mV was applied across the 
sample and the resulting current was measured using a four-electrode potentiostat system 
(JAS Instrument Systems Inc., Salt Lake City, UT). Ohm’s law was then used to calculate 
Rinit of the membrane. Only those HMS samples with Rinit ≥ 25 k·cm2 after equilibration 
were used for the iontophoresis experiments. After measuring the initial resistance of the 
membrane, the PBS solution was removed from the half cell facing the stratum corneum 
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(cathodal chamber). The cathodal chamber was then rinsed repeatedly with purified water 
for 30 minutes. At the end of the rinse period, the selected sodium PSS solution was 
added to the cathodal chamber and the iontophoresis experiment was conducted.  
The most significant modification made to the original experimental setup was the 
inclusion of a salt bridge (see Figure 3.1). The salt bridge prevented the intrusion of 
chloride ions produced at the cathodal electrode into the cathodal chamber. In previous 
experiments, the salt bridge was not necessary with PBS in both the cathodal and anodal 
chamber because the amount of chloride produced by the cathode was a small fraction 
compared to the bulk chloride (77 mM chloride concentration) in the PBS solution. In the 
present experiments, a salt bridge (site h), a 4-inch segment of Tygon® tubing filled with 
a solidified mixture containing 10 mg/mL of Type V agarose and 1 mg/mL of sodium 
PSS, was used to separate the location of the painted Ag/AgCl electrode (site i) from the 
cathodal chamber which contained the sodium PSS solution. A silver foil electrode (0.3 
cm × 4 cm; site c) was attached to the constant current device and placed in the anodal 
chamber (the half cell facing the epidermis side of the HMS and containing PBS). The 
painted Ag/AgCl electrode (site i) was placed in a small beaker containing a solution of 1 
mg/mL sodium PSS. The silver foil and Ag/AgCl electrodes were used to apply a 
constant current density of 0.11 ± 0.01 mA/cm2 across the HMS. Additional silver foil 
electrodes were placed on each side of the HMS (sites d and e) and connected to a 
voltmeter (site b). These additional electrodes were used to monitor the voltage and 
current across the membrane throughout the experiment. The voltage and current across 
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Figure 3.1. Schematic representation of iontophoresis experimental setup used for 
hairless mouse skin (HMS) experiments: (a) constant current power supply, (b) voltmeter 
used to monitor voltage drop across membrane, (c) silver foil electrode connected to 
constant current device and placed in the anodal chamber, (d) silver foil electrode placed 
on the dermis side of HMS and connected to a voltmeter, (e) silver foil electrode placed 
on the stratum corneum side of HMS and connected to voltmeter, (f) magnetic stir bar 
used to maintain constant stirring, (g) side-by-side glass diffusion cell, (h) salt bridge 
containing a mixture of 1 mg/mL PSS and 10 mg/ml Type V agarose with one end in the 
cathodal chamber and the other in a small beaker containing sodium PSS solution, and (i) 
painted Ag/AgCl electrode connected to the constant current device and placed in the 
beaker containing a solution of 1 mg/mL sodium PSS. 
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the membrane were monitored throughout the steady-state period of the experiments and 
used to calculate the steady-state resistance of the membrane, Rs-s.  Constant stirring was 
maintained with magnetic stir bars on each side of the membrane. The entire diffusion 
cell assembly along with the beaker containing the Ag/AgCl electrode was submersed in 
a constant temperature water bath. The temperature of the bath was maintained at 37 ± 
1ºC. 
Iontophoresis experiments were conducted using pairs of radiolabeled nonionic 
permeants. The anodal chamber was filled with the premixed solution of PBS containing 
trace amounts (0.25-1.0 Ci/mL) of the radiolabeled probe permeants and the cathodal 
chamber was filled with sodium PSS solutions of varying concentration. The pairing of 
trace permeants allowed for the calculation of effective pore radius values for each HMS 
experiment (explained below). Samples were taken from the receiver chamber and donor 
chamber for up to 6 hours. Receiver samples were replaced by an equivalent volume of 
fresh sodium PSS. All samples were mixed with 10 mL of liquid scintillation cocktail 
(Ultima GoldTM, PerkinElmer Waltham, MA) and were assayed by liquid scintillation 
counting (Packard TriCarbTM Model 1900TR Liquid Scintillation Analyzer, PerkinElmer, 
Waltham, MA) using a dual counting protocol. After analysis by liquid scintillation 
counting, the following equation was used to calculate the experimental permeability 






 1              (3.2) 
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where A is the area of the membrane, CD is the concentration of the permeant of interest 
in the donor chamber, and Q/t is the slope of the receiver cumulative amount vs. time 
plot (only the steady-state region where R2 > 0.98 was used to calculate the permeability 
coefficients). The permeability coefficient of a permeant refers to the flux normalized by 
the concentration of permeant in the donor chamber (P = J/CD). The linear region of the 
receiver cumulative amount versus time plot generally consisted of data collected when t 
≥ 2 hours. 
 
3.2.3.1 Two-stage HMS iontophoresis experiments 
The purpose these experiments was to investigate whether significant irreversible 
damage to the HMS occurred as a result of exposure to sodium PSS solutions compared to 
control experiments where only PBS is present on both sides of the membrane throughout the 
iontophoresis experiments. To answer this question iontophoresis experiments were 
conducted under conditions similar to those described above; however, in the two-stage 
experiments the iontophoresis portion of the experiment (Stage I) ended after 2 hours, when 
the solution in the cathodal chamber was replaced with fresh PBS and passive diffusion 
experiments (Stage II) were continued for an additional 8 hours. Experiments were conducted 
under two conditions: 1) with varying concentrations of sodium PSS in the cathodal chamber 
during Stage I and then with PBS on both sides of the membrane during Stage II; or 2) with 
PBS in the anodal and cathodal chambers during both Stages I and II. Two-stage experiments 




3.2.4 Theoretical considerations 
For nonionic permeants, Eq 3.3 can be used to describe the steady-state flux of 






dCHDJnonionic '            (3.3) 
where ' is effective porosity of the membrane (the effective porosity of the membrane is 
defined by '= / , where is the porosity and is the tortuosity of the membrane), H is 
the hindrance factor for diffusion through a pore, D is the diffusion coefficient of the 
permeant in bulk media, C is the concentration at a given location in the membrane, W is 
the hindrance factor for transport through a pore driven by convective solvent flow, and v 
is the average velocity of the convective solvent flow. Both W and H are functions of the 
pore radius, Rp, and the permeant radius, r. The hindrance factors W and H have been 
discussed in relation to the baseline studies (see Chapter 2) and related information 
regarding the derivation and various forms of the equations can be found in the 
literature.15 In order to calculate the effective pore size of the pathway utilized by 
nonionic permeants, we assume that the passive flux component of the steady-state flux is 




 , when this is true 
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The assumption that the electroosmotic flux of nonionic permeants is much greater that 
the passive flux component will be discussed later. 
 
3.2.5 Analyses of PSS sample solutions using capillary 
electrophoresis 
A capillary electrophoresis system (CE; P/ACE System 5500, Beckman Coulter, 
Fullerton, CA) was used to confirm the transport of PSS across the HMS. CE separations 
were performed by applying a potential of 15.0 kV across a coated neutral CE capillary 
(eCAPTM; 50 m ID; 50 cm to window; 57 cm total length). Before use, the capillary was 
rinsed with filtered PBS solution. Samples were injected into the capillary using 
hydrodynamic injection with a pressure of 0.5 psi for 20 seconds. Prior to injection, all 
samples were filtered using a standard HVLP-type hydrophilic syringe filter with a 5 m 
pore size. Samples containing benzyl alcohol (used as an electroosmotic flow marker to 
assess the integrity of the neutral capillary coating) and salicylic acid (reference 
compound) were analyzed at 254 nm. Samples containing PSS were analyzed at 214 nm. 
CE separations were carried out at 27°C. Separations of PSS standard solutions were 
conducted using 0.02 M ionic strength PBS as the background electrolyte. Eq. 3.5 was 
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where Lt is the total length of the capillary, Lw is the length of the capillary to the 
window, V is the applied voltage, tmig is the migration time, tref and ref are the migration 
time and electromobility of salicylic acid, respectively. 
 
3.2.6 Verification of PSS transport across HMS 
Iontophoresis experiments were conducted with 137 mg/mL sodium PSS in the 
cathodal chamber (i.e., the donor chamber which faced the stratum corneum side of the 
membrane) without radiolabeled permeants in the system. The purpose of this analysis 
was to provide semi-quantitative permeability coefficients and to demonstrate that a 
portion of the electric current applied to the HMS was carried by high molecular weight 
PSS oligomers. The experimental setup and protocol for the PSS flux experiments were 
similar to those described for the probe permeant experiments with a few slight 
modifications. One difference was that PSS transport experiments were conducted over a 
16 hour period with samples collected from the receiver chamber at 10, 12, 14 and 16 
hours. The extended duration of the PSS flux experiments allowed for sufficient 
accumulation of PSS in the receiver chamber and ensured that PSS flux has reached 
steady-state. Because the length of the experiments was extended, the salt bridges were 
replaced every 6 hours to ensure that chloride ions did not accumulate in the cathodal 
chamber.  
The collected samples were analyzed using the CE method described above and 
the permeability coefficients of the individual PSS oligomers were calculated using Eq. 
3.2 under the assumption that the peak area under the curve (AUC) values were 
proportional to the concentration of individual PSS oligomers in the collected sample. 
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Because the iontophoresis experiments with sodium PSS were conducted with 0.1 M PBS 
in the anodal chamber, 0.1 M PBS was used as the background electrolyte during CE 
analysis of samples collected from the donor and receiver chambers. The permeability 
coefficient for each of the individual PSS species was calculated based on the flux of the 
PSS species (in terms of AUC/cm2/s) into the receiver chamber divided by the 
concentration of the same PSS species in the donor chamber (see Eq. 3.2). The result was 
the calculated permeability coefficient for each of the peaks found in the CE separation of 




3.3.1 Examination of bulk solution properties  
The results of the solution conductance and viscosity experiments with sodium 
PSS solutions are shown in Table 3.2. Viscosity measurements were performed at 27°C. 
The viscosity of 1.37 mg/mL and 13.7 mg/mL PSS solutions was the same order of 
magnitude to that of PBS at 27°C. The viscosity of the 137 mg/mL PSS solution was 
noticeably higher than the viscosity of all other solutions used in this study. As expected, 
the conductivity of sodium PSS solutions increased as the concentration of PSS 
increased. The conductivity of the 13.7 mg/mL PSS solution was similar to that of 0.1 M 
PBS solutions and the rank order of  conductivity measurements of sodium PSS solutions 
was also reflected in the rank order of the steady state resistance (Rs-s) measured during 
the HMS iontophoresis experiments with probe permeants. The deviation from linearity 
of the PSS solution conductivity with respect to the concentration of 
72 




















a Solution conductance measurements were performed at ambient temperature.  
b Viscosity measurements were performed at 27°C. 
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sodium PSS is consistent with the decreasing electromobility of the PSS oligomers with 
increasing PSS concentration as reported by Cottet et al.16 
 
3.3.2 CE analyses of sodium PSS solutions 
Figure 3.2 shows a typical CE separation of a 0.6 mg/mL sodium PSS standard 
solution. The separation was performed with 0.02 M PBS as the background electrolyte 
to allow for direct comparison to the results obtained by Cottet et al.16,17 The peak 
numbers shown in Figure 3.2 reflect the degree of polymerization for each of the PSS 
oligomers. Because the sodium PSS standards were obtained from the same commercial 
source, peak numbers were assigned based on a comparison of the electromobility values 
shown in Table 3.3 versus those obtained by Cottet et al. under similar capillary 
electrophoresis conditions.16 Differences in the electromobility values observed in the 
current experiments compared to those reported by Cottet et al. ranged from 4 – 8%. The 
observed disparity was likely a result of differences in separation conditions used for CE 
experiments such as the composition of the background electrolyte, the type of capillary 
used, and the configuration of the electrophoresis equipment. Also shown in Table 3.3 are 
the effective charge (zeff), Stokes-Einstein radius (RSE), hydrodynamic radius (r), and 
diffusion coefficient (D) of the PSS oligomers. The zeff, RSE, and D of the individual PSS 
oligomers were interpolated from data reported by Böhme and Scheler.18   
Capillary electrophoresis was also used to analyze the PSS oligomers in the 
solutions taken from the donor and receiver chambers in the PSS transport experiments 
with 137 mg/mL sodium PSS.  Figure 3.3 shows a CE separation of representative 
samples taken from the donor and receiver chambers during PSS flux experiments. Of the 
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Figure 3.2. Capillary electrophoresis separation of 0.6 mg/mL PSS standard. Coated 
neutral capillary, 50 m ID, 57 cm total length (detector, 50 cm); electrolyte 0.02 M PBS 
buffer; applied voltage, 15 kV; hydrodynamic injection, 0.5 psi for 20 s; temperature, 
27°C. Peak numbering reflects the charge of the PSS fragment based on a comparison of 
the electromobility values for the individual PSS peaks with those reported by Cottet et 
al. (see Table 3.3).16 The units of the abscissa are minutes. The units of the ordinate are 
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 Table 3.3. Electromobility measurements, physical properties, and experimental permeability coefficients of the PSS oligomers.  
 N a (10-4 cm2V-1sec-1)b 

(10-4 cm2V-1sec-1)c zeff 








































2.2 ± 1.5 
3.2 ± 1.1 
3.2 ± 2.5 
-- 
1.8 ± 0.5 
a The assigned number of repeat units corresponds to the degree of polymerization, N. 
b Values from Cottet et al.16 (0.02 M ionic strength, borate buffer at pH 9.0, 27°C) 
c Experimental electromobility values calculated from CE migration time data and Eq. 3.5. (0.02 M ionic strength, phosphate buffer at 
pH 7.4, 27°C) 
d zeff  and RSE values were estimated from Böhme and Scheler18; r was calculated from RSE using Eq. 2.2 and Eq. 2.3.  




six peaks shown in the separation of the donor sample (see Figure 3.3), only four of the 
peaks appeared in measureable amounts in the receiver chamber. The experimental 
permeability coefficients of the four major peaks of the receiver sample shown in Figure 
3.3 are reported in the final column of Table 3.3. The greater ionic strength of the 
conducting electrolyte in these experiments resulted in lower resolution between the 
peaks of the CE separation. The experimental apparent permeability coefficient, Pexp,app , 
was also calculated by combining all of the PSS peaks. Using this approach, Pexp,app was 
found to be 2.3 × 10-7 cm/s ± 1.3 × 10-7 cm/s. 
 
3.3.3 Iontophoresis experiments with nonionic permeants  
Table 3.4 shows the results of iontophoresis experiments with sodium PSS in the 
cathodal chamber and with the nonionic permeants in the anodal chamber. The particular 
design of the experiments with the nonionic permeants was chosen to maximize obtaining 
information of interest with regard to the enhanced reverse transdermal iontophoresis 
(extraction) of nonionic permeants. The data are the initial HMS resistance (Rinit), the 
steady-state resistance of HMS during iontophoresis (Rs-s), the permeability coefficients 
(Pnonionic) of urea, mannitol, and raffinose (calculated using Eq. 3.2), and Rp calculated 
from the mean of Pnonionic,1/Pnonionic,2 ratios and using Eq. 3.4. The data in the parenthesis 
of the last column show the upper and lower limits of Rp estimates which have been 
calculated based on the upper and lower limits of the 95% confidence interval (CI) of 
mean Pnonionic,1/Pnonionic,2 values.  Although the Rs-s of the HMS changed with varying 
concentrations of sodium PSS in the cathodal chamber, the mean permeability 
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Figure 3.3. Capillary electrophoresis separation of samples collected from extended HMS 
iontophoresis experiments with 137 mg/mL sodium PSS solution in the cathodal chamber 
and PBS in the anodal chamber. Coated neutral capillary, 50 m ID, 57 cm total length 
(50 cm to detector); electrolyte 0.1 M PBS buffer; applied voltage, 15 kV; hydrodynamic 
injection, 0.5 psi for 20 s; temperature, 27ºC. Light gray line represents samples taken 
from the receiver chamber at 10 hours. The solid black line represents samples taken 
from donor chamber at 10 hours. The units of the abscissa are minutes. The units of the 















 Table 3.4. Summary of data (mean ± SD) from nonionic probe permeant iontophoresis experiments with sodium PSS in the cathodal 












(10-7 cm/s) a 
Pnonionic,2
(10-7 cm/s) a Rp (Å) 
1.37 Urea:Mann 4 100 ± 86 8 ± 2 13 ± 1 7.5 ± 0.5 9.1 (8.6, 9.9) 
 Urea:Raff 4 73 ± 42 7.0 ± 0.9 16 ± 2 6 ± 2 11 (9, 14) 
 Mann:Raff 6 82 ± 42 9 ± 1 8 ± 1 7 ± 1 27 (24, 31) 
13.7 Urea:Mann 3 101 ± 87 4.4 ± 0.2 12 ± 1 9 ± 1 12 (10, 15) 
 Urea:Raff 6 99 ± 83 4.5 ± 0.7 12 ± 2 8 ± 2 15 (14, 17) 
 Mann:Raff 3 102 ± 86 5 ± 1 8 ± 2 7 ± 3 24 (15, ∞ ) 
137 Urea:Mann 4 72 ± 64 3.2 ± 0.5 13 ± 2 8 ± 2 9.7 (8.8, 11.3) 
 Urea:Raff 3 88 ± 68 4 ± 1 12.9 ± 0.1 7 ± 1 13 (11, 22) 
 Mann:Raff 7 100 ± 106 4 ± 1 9 ± 2 8 ± 2 20 (16, 29) 
a Pnonionic,1 and Pnonionic,2 are the first and the second probe permeant, respectively, given in column 2.  
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coefficients of nonionic permeants were not significantly different from each other for the 
different PSS concentrations investigated (ANOVA; p > 0.05).  
Figure 3.4 presents the permeability coefficients for the nonionic probe permeants 
plotted against their respective diffusion coefficients. The baseline data have also been 
included to illustrate the enhancements observed for the nonionic permeant permeability 
coefficients relative to the baseline experiments with PBS in both the anodal and cathodal 
compartments (see Chapter 2). Up to a fourfold enhancement for urea and up to a sixfold 
enhancement for both raffinose and mannitol were observed. Given these large 
enhancement values relative to the baseline results, it may be concluded that the present 
experiments with the nonionic probe permeants were essentially under convective flow 
limiting conditions. Figure 3.4 also illustrates that the nonionic permeant fluxes were 
relatively insensitive to the PSS concentration over the range of the PSS concentrations 
investigated. 
Table 3.5 shows the results of two-stage experiments. The results include the mean 
permeability coefficients (mean ± SD for n = 3 experiments) for Stage I and Stage II of the 
experiments , the initial resistance (Rinit) and experimental resistance (Rexp) measured during 
the experiments [Note: Rexp is different from Rs-s, since, given the short duration of Stage I in 
the experiments, it was not possible to determine whether the experiments had reached 
steady-state. Rexp is the last resistance measurement taken at the end of Stage I.]. For 
comparison, the mean permeability coefficients of [14C]-mannitol were also reported earlier 
in Table 3.4 (data from the mannitol: raffinose pairs). With the exception of experiments with 
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Figure 3.4. Experimental permeability coefficients of nonionic permeants plotted versus 
their respective diffusion coefficients. The different symbols indicate 1.37 mg/mL (○), 
13.7 mg/mL (), and 137 mg/mL (□) sodium PSS in cathodal chamber. Data from 
baseline studies with PBS in both the anodal and cathodal chamber (×) are also shown. 
 Table 3.5. Permeability coefficients (mean ± SD) of [14C] mannitol during Stage I and Stage II of the two-stage experiments.  





Pmann,Stage I  
(10-7 cm2/s) 
Pmann,Stage II  
(10-7 cm2/s) 
PBS 
1.37 mg/mL PSS 
13.7 mg/mL PSS 
137 mg/mL PSS 
30 ± 17 
25 ± 20 
38 ± 31 
29 ± 23 
4.4 ± 0.6 
6.7 ± 0.5 
3.8 ± 1.0 
2.6 ± 0.6 




1.8 ± 0.3 
2.0 ± 0.3 
2.1 ± 0.5 
2.3 ± 0.9 




PBS in both chambers (compare data from mannitol: raffinose pair reported in Table 2.4), the 
permeability coefficients reported in Table 3.5 were consistently lower than those measured 
in earlier studies. The most likely reason for this is that the iontophoresis stage of the 
experiments was not long enough to obtain true steady-state permeability coefficients. The 
hypothetical passive permeability coefficient for mannitol that was calculated based on the 
ionic permeant data from Chapter 2 is 5.7 × 10-8 cm/s (see section 2.3.3 for a description of  
the method used to obtain the passive permeability coefficient of mannitol) which is about a 
factor of three lower than the Pmann,Stage II value reported for the current system. A possible 
explanation for differences in the permeability coefficients of [14C]-mannitol can be seen in 
the experimental resistance measurements of the HMS samples used in the two-stage 
experiments: Rexp = 4.4 ± 0.6 k·cm2 for two-stage experiments compared to overall mean ± 
SD of Rs-s from Table 3.4 which was 6.2 ± 1.5 k·cm2. The lower resistance of HMS 
samples used in the two-stage experiments may indicate that these membranes had a higher 




3.4.1 Iontophoretic transport of PSS oligomers across HMS 
Although the principle focus of the current studies was to investigate the effect 
that the cotransport of oligomeric polyanions has on the iontophoresis of nonionic 
permeants, CE analysis of samples from the receiver and donor chambers provide data 
for estimating permeability coefficients of the PSS oligomers transported into and across 
the HMS under the low current DC iontophoresis conditions investigated in this study. 
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The appearance of PSS in the receiver chamber provides direct evidence that under the 
iontophoretic conditions investigated in the current study, PSS oligomers were 
transported into and across the HMS membrane. 
 
3.4.2 Consideration of factors contributing to the iontophoretic 
enhancement of the nonionic permeants 
 
3.4.2.1 Changes in the electrical properties of HMS  
Consistent with the conductivity of the bulk PSS solutions (see Table 3.2), Rs-s 
values decreased as the concentration of PSS in the system increased. As all of the 
experiments were conducted under constant current conditions, decreases in the value of 
Rs-s (calculated based on the observed voltage drop across the HMS during iontophoresis 
experiments) indicated that the applied voltage required for maintaining constant current 
decreased as the concentration of sodium PSS in the cathodal chamber was increased. 
The mean ± SD of Rs-s for HMS with 1.37, 13.7, and 137 mg/mL PSS in the cathodal 
chamber was 7.7 ± 1.7, 4.4 ± 0.9, and 3.3 ± 1.0 k·cm2, respectively. In the baseline 
studies the mean ± SD of the Rs-s was 6.4 ± 1.5 k·cm2 (see Chapter 2). The average 
voltage drop across the HMS in the baseline experiments was comparable to (1.37 
mg/mL) or less than (13.7 mg/mL and 137 mg/mL) the values for the PSS cases; 
consequently, changes in the electric field, per se, across the HMS would not appear to 




3.4.2.2 Possible irreversible damage to HMS from exposure 
to sodium PSS solution 
Changes in the resistance of the membrane during iontophoresis experiments may 
be evidence of permanent damage caused by exposure of the stratum corneum to sodium 
PSS solutions in the cathodal chamber. Since resistance measurements alone were not 
enough to answer the question of whether irreversible damage was being done to the 
HMS by exposing the stratum corneum to sodium PSS solutions, two-stage iontophoresis 
and passive permeability experiments were conducted. The results summarized in Table 
3.5 show that the differences among the mean passive permeability coefficients measured 
during Stage II of the experiments appear to be within the experimental scatter of the data for 
all of the various solutions that were present in the cathodal chamber (i.e., varying 
concentrations of sodium PSS or PBS) during Stage I of the experiments. As one might 
expect, the largest difference among Pmann,Stage II  values was for experiments with PBS in the 
cathodal chamber compared to experiments with 137 mg/mL PSS in the cathodal chamber 
during Stage I of the experiments. Although the mean Pmann,Stage II  values are consistently 
higher for experiments with PSS in the cathodal chamber during Stage I, the largest 
difference was only about 28%, suggesting that there may be an increase in the porosity of 
HMS samples that were exposed to sodium PSS during Stage I of the experiments compared 
to HMS samples that had PBS on both sides of the membrane throughout the experiment. 
Even if the observed increase of 28% were a direct indication that the porosity of the HMS 
has increased by the same amount, this increase is not sufficient to explain the sixfold 
increase in the iontophoretic permeability coefficients of nonionic probe permeants when 
sodium PSS is present in the cathodal chamber.  
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3.4.2.3 Changes in the effective pore radius, Rp 
The values of Rp calculated from nonionic permeant data provide additional 
insight into the effect that the cotransport of oligomeric polyanions had on the transport 
pathways available to the nonionic probe permeants. Compared to the baseline 
experiments with HMS (baseline Rp values calculated based on the mean ratio of 
permeability coefficients for nonionic probe permeants ranged from 7 – 15 Å) Rp values 
calculated in the current experiments based on the mean permeability coefficient ratios 
for nonionic probe permeant pairs ranged from 9 – 27 Å when sodium PSS was in the 
cathodal chamber. Using the maximum value of Rp measured from nonionic permeant 
data collected from the baseline experiments (15 Å) and the current experimental 
conditions (27 Å) the hindrance factor W (see Eqs 2.6, 2.8 and 2.9) for raffinose increases 
from 0.5 to 0.8, respectively. Given the fact that W increases by only 60%, the sixfold 
increase in the permeability of raffinose cannot be explained by the increase in the 
observed Rp values alone. 
 
3.4.2.4 Changes in the percentage of active pores for electroosmosis 
A conclusion from the baseline experiments (Chapter 2) was that the pathways 
utilized by the nonionic permeants during iontophoresis, that is, pathways with negative 
pore surface charge, were likely only a fraction of the total pathways that were available 
for charged permeant transport during iontophoresis (note: the charged permeants should 
be capable of utilizing all of the pathways within the limits prescribed by the hindrance 
factor). This point of view is consistent with the HMS studies by Pikal and Shah.19-21 It 
would follow from the present results that if a higher percentage of the pores than in the 
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baseline study were utilized by the nonionic probe permeants in the present PSS 
experiments, this may contribute towards both an enhancement of the electroosmotic flux 
and a larger effective pore size for transport (note: it was also shown in the baseline 
studies that the pore sizes deduced with iontophoresis data employing ionic permeants 
generally yielded larger pore sizes than when nonionic permeants were employed). In the 
next chapter experiments with ionic probe permeants will be conducted to test whether 
changes in the effective pore radii for pathways utilized by charged permeants are 
observed when sodium PSS is present in the cathodal chamber. 
 
3.4.2.5 Possible contribution of pore surface charge density ( 
Any significant adsorption of the PSS oligomer ions at the pore-solution interface 
may increase  relative to the baseline study  value, this leading to enhanced 
electroosmosis velocities.22-24  Adsorption of PSS ions in pores that were uncharged or 
positively charged in the baseline experiments may lead to an increase in the percentage 
of active pores for electroosmosis (discussed above). Taken together with a possible 
increase of  in the already negatively charged pores may be a possible explanation for 
both the electroosmotic flux enhancement and the larger pore sizes deduced in the present 
study. However, if PSS oligomer adsorption and a significantly increased in the 
presence of solution PSS were to be important, the constancy of the Pnonionic values over a 
100-fold range of sodium PSS concentration (see Table 3.4) would seem to be surprising. 
Hirvonen and Guy have studied the effect of delivering anionic and cationic 
polypeptides across HMS via iontophoresis.25 These investigators showed that increasing 
the concentration of cationic polypeptide in the iontophoresis system resulted in the 
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suppression of electroosmosis. The authors hypothesize that the suppression of 
electroosmosis occurs as a result of the cationic polypeptide interacting with the 
negatively charged surface resulting in neutralization of the negative surface charge of 
the membrane. Hirvonen and Guy also investigated the effect of delivering polyanionic 
peptides and concluded that the largest electroosmosis enhancement observed was about 
threefold when compared to their baseline studies. They concluded that the most 
significant change in electroosmosis resulted from the delivery of polyvalent cations, 
which resulted in a sixfold decrease in the magnitude of electroosmosis. The results of 
the present experiments show that a sixfold increase in the magnitude of electroosmosis 
is also possible when polyvalent anions are cotransported during iontophoresis of 
nonionic permeants. 
 
3.4.3 Iontophoretic delivery of oligomeric polyanions and other 
potential applications 
In practice, the findings described in this report may have applications in the field 
of reverse iontophoresis and iontophoretic delivery of moderately-sized polyvalent 
anionic molecules. In addition to the significant enhancement in the iontophoresis of 
nonionic permeants, the introduction of polyvalent anions into the cathodal chamber of 
the iontophoresis system resulted in a significant decrease in the voltage required to 
maintain a constant current density. As a result, the current approach could also be used 
as a method to decrease the power requirements needed to maintain a constant current 
density over extended periods of time. Similar behavior has also been observed in 
experiments using heat separated human epidermal membrane (HEM) as the model 
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membrane. Preliminary experiments conducted with HEM have shown that the 
permeability coefficients of raffinose increase by as much as tenfold when a 1.37 mg/mL 
solution of sodium PSS was placed in the cathodal chamber during constant current DC 
iontophoresis experiments (data not published). 
 
3.5 Conclusions 
The current study examined the changes in the transport properties of HMS during 
the delivery of PSS oligomers and its effect on the iontophoretic extraction of nonionic 
permeants. Compared to baseline iontophoresis experiments with PBS on both sides of 
the membrane, the permeability coefficients of nonionic probe permeants increased up to 
sixfold when sodium PSS solutions were in the cathodal chamber (the chamber facing the 
stratum corneum of the HMS) of the iontophoresis system. Although the applied voltage 
needed to maintain constant current decreased with increasing PSS concentration, 
permeability coefficients for nonionic probe permeants increased to a constant level 
independent of the concentration of PSS in the cathodal chamber and independent of the 
applied voltage required to maintain constant current. The results of the present 
iontophoresis studies with PSS and the nonionic permeants provide important 
information related to the convective flux of permeants in HMS that will be added to the 
database of knowledge used in the analyses of subsequent studies that characterize the 
transport of low molecular weight ionic permeants under the same conditions of sodium 
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IONTOPHORESIS OF SMALL IONS WITH COTRANSPORT  




The iontophoretic delivery and extraction of small charged molecules across the 
epidermal membrane has been studied extensively by various authors.1-8 In previous 
studies we have shown that the cotransport of polystyrene sulfonate (PSS) increased the 
cathodal flux of nonionic molecules across hairless mouse skin (HMS) by up to six times 
the rate observed in baseline studies where the media in both the cathodal and anodal 
chambers was 0.1 M ionic strength phosphate buffered saline (PBS) (see Chapter 3). The 
purpose of the current study is to investigate the effect that the cotransport of PSS has on 
the fluxes of small anionic and cationic probe permeants using HMS as the model 
membrane. Understanding the effect that the cotransport of polymeric anions has on the 
transport properties of skin may lead to new approaches to enhance and better control the 
delivery and/or extraction of therapeutically relevant molecules across the skin.  
The following strategy was used to quantify changes in the transport of small 
ionic permeants during HMS iontophoresis experiments with PSS in the cathodal 
chamber: (i) measure the iontophoretic permeability coefficients of anionic and cationic 
probe permeants and compare these to baseline results with the same; (ii) evaluate the 
effect that changes in the concentration of sodium PSS in the cathodal chamber have on 
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the flux of small anions and cations; (iii) use theoretical Nernst-Planck calculations to 
investigate the concentration profiles, flux profiles and electrical potential gradients for 
an idealized pore pathway having similar transport characteristics as those obtained for 
HMS in the previous studies; and (iv) use theoretical Nernst-Planck calculations to 
compare theoretical and experimental permeability coefficients for the transport of the 
small ions in this system.  
 
4.2 Materials and Methods 
 
4.2.1 Materials  
Radiolabeled permeants [14C] Salicylate (SA), [3H] taurocholate (TC), [36Cl] 
isotopic chlorine, [14C] tetraethylammonium (TEA) bromide, and [3H] 
tetraphenylphosphonium (TPP) bromide were obtained from American Radiolabeled 
Chemicals (St. Louis, MO). [22Na] isotopic sodium was obtained from Perkin Elmer Life 
Sciences (Boston, MA). Radiolabeled chemicals had an advertised purity of ≥ 98%. The 
purity of the radiolabeled compounds was verified via HPLC before and after selected 
experiments. The diffusion coefficient and molecular radius of the isotopic and 
radiolabeled permeants were previously determined in baseline experiments (see Chapter 
2 for details). Chemicals used to prepare buffer and polyelectrolyte solutions were 
reagent grade and purchased from Sigma-Aldrich Company (St. Louis, MO), unless 
otherwise specified. Solutions were prepared using deionized water that was filtered 
using a Milli-Q® filtration system (Resistivity > 10 M·cm: Millipore Corp., Billerica, 
MA).  0.1 M ionic strength phosphate buffered saline (0.013 M total phosphate; 0.077 M 
NaCl) with 50 mg/L gentamicin added as a preservative was prepared and the solution 
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pH was adjusted to pH 7.4. Liquid silver paint was obtained from Ladd Research 
Industries (Williston, VT). Silver foil and other laboratory supplies were obtained from 
VWR Inc. (West Chester, PA). 
Sodium polystyrenesulfonate calibration standard (sodium PSS; Mp=1370, 
Mw=1430 and Mn=1200) was obtained from American Polymer Standards (Mentor, 
OH). Solutions containing sodium PSS were prepared by mixing an appropriate amount 
of dry sodium PSS powder with deionized water. For the highest concentration of sodium 
PSS (137 mg/mL) investigated, it was necessary to adjust the pH of the PSS solutions to 
pH 7 using a 50% w/w solution of NaOH (typically < 30 L was required to neutralize 2 
mL of the highest concentration sodium PSS solutions). 
 
4.2.2 HMS iontophoresis experiments with sodium PSS in the 
cathodal chamber 
After sacrificing the animals, sections of skin were removed from the abdomen of 
female hairless mice (strain SKH1-hr, ≥ 12 weeks old from Charles River, Wilmington, 
MA). HMS samples were placed between the two halves of the diffusion cell (volume of 
each half cell = 2 mL; diffusional area = 0.95 cm2) and allowed to equilibrate with PBS 
on both sides of the membrane for 1.5 hours. To determine the initial resistance of the 
HMS, Rinit, 100 mV was applied across the sample and the resulting current was 
measured using a four-electrode potentiostat system (JAS Instrument Systems Inc., Salt 
Lake City, UT); Ohm’s law was then used to calculate Rinit of the membrane. Only those 
HMS samples with Rinit ≥ 25 k·cm2 after equilibration were used for the iontophoresis 
experiments. After measuring the initial resistance of the membrane, the PBS solution 
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was removed from the half cell facing the stratum corneum (cathodal chamber), and the 
stratum corneum side of the membrane and the cathodal chamber were rinsed repeatedly 
with deionized water for 30 minutes. At the end of the rinse period, the selected sodium 
PSS solution was added to the cathodal chamber and the iontophoresis experiments were 
conducted. The entire diffusion cell assembly was submersed in a constant temperature 
water bath. The temperature of the bath was maintained at 37 ± 1ºC. See Figure 3.1 for a 
full description of the experimental setup used. As in experiments with nonionic probe 
permeants, a salt bridge was used to separate the chamber that the cathode was placed in 
from the chamber containing sodium PSS solutions.  
Iontophoresis experiments were conducted using anionic or cationic probe 
permeant pairs. Probe permeants were grouped in pairs of anionic or cationic permeants 
in an effort to minimize the number of experiments required. In the case of experiments 
with cationic permeant pairs the anodal chamber was filled (2.0 mL) with the pre-mixed 
solution of PBS containing trace amounts (0.25 – 1.0 Ci/mL) of the isotopic or 
radiolabeled probe permeant pairs and the cathodal chamber was filled (2.0 mL) with a 
selected sodium PSS solution. When experiments with anionic permeant pairs were 
conducted, the cathodal chamber was filled with a pre-mixed sodium PSS solution 
containing trace amounts (0.25 – 1.0 Ci/mL) of the isotopic or radiolabeled anionic 
probe permeant pairs while the anodal chamber was filled with PBS. A constant current 
of 0.11 ± 0.01 mA/cm2 was applied to the HMS using a constant current iontophoresis 
device (Phoresor II Auto, Model PM 850, Iomed, Inc., Salt Lake City, UT) via silver foil 
and Ag/AgCl electrodes placed in the anodal and cathodal chambers. The ‘donor’ 
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chamber refers to the half cell containing the isotopic or radiolabeled probe permeant 
pair, while the other half cell becomes the ‘receiver’; therefore the designation of the 
donor and receiver chambers depended on whether the probe permeant was cationic or 
anionic. In a typical iontophoresis experiment, samples were taken from the receiver 
chamber and donor chamber for up to 6 hours. Receiver samples were replaced by an 
equivalent volume of fresh PBS or sodium PSS solution depending on the permeant pair 
being investigated. All samples were mixed with 10 mL of scintillation cocktail (Ultima 
GoldTM, PerkinElmer, Waltham, MA) and were assayed by liquid scintillation counting 
(Packard TriCarbTM Model 1900TR Liquid Scintillation Analyzer, PerkinElmer, 
Waltham, MA) using a dual counting protocol. After radio scintillation counting, the 
following equation was used to calculate the experimental permeability coefficient 








 1exp,                                               (4.1) 
where A is the area of the membrane (A = 0.95 cm2 for all of the experiments), CD is the 
concentration of the permeant in the donor chamber, and Q/t is the slope of the 
receiver cumulative amount vs. time plot (only the steady-state region where r-squared > 
0.98 was used to calculate Pion,exp). Pion,exp can be regarded as the flux (Jion,exp) normalized 
by the concentration of permeant in the donor chamber (Pion,exp = Jion,exp/CD). The linear 
region of the receiver cumulative amount vs. time plot generally consisted of data 
collected when t ≥  2 hours. The voltage across the membrane was monitored throughout 
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the experiments. Voltage measurements recorded in the linear region of the cumulative 
amount of permeant vs. time plot were averaged and compared to the theoretical voltage 
from theoretical Nernst-Planck calculations. 
4.2.3 Theoretical considerations  
The modified Nernst-Planck model (MNP), has been used previously to analyze 
the steady-state fluxes of ionic and nonionic permeants across HMS under low to 
moderate voltage iontophoresis conditions (see Chapter 2). The following equation was 














 ',                  (4.2) 
where ' is effective porosity of the membrane (’ = /, with is defined as the fraction 
of the total membrane area available for transport and  is the tortuosity of the pathway), 
H is the hindrance factor for simultaneous diffusion and electromigration, D is the 
diffusion coefficient of the permeant in the bulk media, C is the concentration at a given 
location in the membrane, z is the charge of the ion, F is Faraday’s constant, R is the 
universal gas constant, T is temperature,  is the electric potential, W is the hindrance 
factor for permeant transport driven by convective solvent flow, and v is the velocity of 
the convective solvent flow. Both W and H are functions of the effective pore radius (Rp) 
and the permeant radius (r). The hindrance factors W and H have been discussed 
extensively in the literature and related information regarding their derivation and various 
forms of the equations can be found in the literature.9 In previous studies the integrated 
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form of Eq. 4.2 has been used to calculate Rp of transport pathways available to both 
ionic and nonionic permeants during transdermal iontophoresis (see Chapter 2).  
In order to use Eq. 4.2 as a basis for calculating Rp in the baseline HMS study 
with 0.1 M PBS in both the anodal and cathodal chambers, it was sufficient to assume 
that the potential gradient was constant across the pore pathway. This greatly simplified 
the calculations as the integrated form of Eq. 4.2 may be employed in this case (see 
Chapter 2). Li et. al recently conducted transscleral iontophoresis experiments employing 
rabbit eye tissues and investigated the situation where both the ions and their 
concentrations in the two chambers were different.10 In their theoretical analysis 
employing Eq. 4.2, these authors were able to assume that WvC ≈ vC as (a) the average 
pore size for the sclera is quite large compared to that of the stratum corneum and (b) v 
was determined experimentally using mannitol as a nonionic probe and the two probe 
ions in their study were salicylate and tetraethylammonium, both possessing sizes 
comparable to mannitol. 
In the present case, the situation is, in one sense, similar to that of Li et al., i.e. an 
asymmetric system. However, it importantly differs in that the assumption of WvC ≈ vC 
was not tenable both because of the small pore size of the stratum corneum and the wide 
range of permeant sizes. Following is a description of the methods used to create the 





4.2.3.1 Computer modeling of ion transport in an aqueous pore 
pathway 
In order to model the transport of ions in the pore pathways of the epidermal 
membrane we have adapted a computer modeling approach that has been used previously 
to model capillary electrophoresis (CE), a common electrophoretic separation technique 
used in analytical chemistry. The model used was originally developed for use with 
COMSOL Multiphysics® software (Comsol, Inc., Burlington, MA).11 In order to apply 
the CE model to the transport pathways available to ions in HMS some simplifying 
assumptions were made regarding the pore pathway of the epidermal membrane. First, 
the length of the capillary was equated to the thickness of the stratum corneum of HMS 
(assumed to be 15 m; values given in the literature range from 10 – 25 m6,12,13) and the 
pathway was treated as a right, circular cylinder with the hindered transport parameter, H 
in Eq. 4.2, used for both the electrophoretic and the diffusive transport of ions in the pore 
pathway. Second, a single representative pore was used to model the transport pathway of 
ions across the membrane. The current density in the pore was calculated by dividing the 
experimental current density of 0.11 mA/cm2 (which was also the same as that in the 
baseline experiments) by the effective porosity (’ =2.1 × 10-5; the effective porosity was 
determined previously in baseline experiments; see Chapter 2). The calculated current 
density of the pore was 5.26 × 103 mA/cm2, which was held constant for all of the 
theoretical Nernst-Planck calculations. Third, in order to reduce the total number of ions 
in the system and to avoid the added complexity of including ionization constants in the 
model, phosphate ions were excluded from the theoretical calculations. As sodium and 
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chloride ions account for most of the ions making up the PBS solution in the anodal 
chamber, 90 mM sodium chloride was used to represent PBS in the anodal chamber for 
all of the theoretical Nernst-Planck calculations and the calculations conducted for 1 mM, 
10 mM, or 100 mM sodium PSS in the cathodal chamber (corresponding to 1.37 mg/mL, 
13.7 mg/mL, and 137 mg/mL sodium PSS, respectively; calculated based on the reported 
peak molecular weight of the polymer). The concentration of probe permeants in the 
Nernst-Planck calculations was an arbitrarily chosen low value of 10-3 mM. Table 4.1 
shows the relevant transport parameters for each of the trace permeant ions used in the 
theoretical Nernst-Planck calculations. The 36Cl and the 22Na parameters of Table 4.1 
were also used for the “cold” sodium and chloride ions in the theoretical Nernst-Planck 
calculations. Finally, since the sodium PSS solution was composed of a mixture of PSS 
oligomers of varying lengths and concentrations, the theoretical Nernst-Planck 
calculations were performed with PSS oligomers treated as a single species having an 
effective charge (zeff) of -7 and a hydrodynamic radius equal to that of the heptamer (see 
Table 3.3). 
  
4.2.3.2 Determination of Wv to be used in Eq. 4.2 
As mentioned above (section 4.2.3) the condition, WvC ≈ vC, would not be 
tenable in the present situation. It was therefore decided to obtain estimates of Wv for 
each of the ions by using the transport data from previously conducted experiments with 
nonionic permeants (see Chapter 3) and finding by interpolation the nonionic permeant 
Wv value that would correspond to that of the permeant ion of interest. For nonionic 
 Table 4.1. Relevant transport parameters for the permeant ions used in theoretical Nernst-Planck calculations.  
    Wv (10-2 cm/s)b 


















































a The solute radius shown in the table, r, was calculated using Eq. 2.3 where RSE is the Stokes-Einstein radius calculated from 
Eq. 2.2.  
b Wv was calculated at each sodium PSS concentration investigated from plot of Pnonionic versus the respective diffusion 
coefficients of the nonionic permeant investigated previously (see Chapter 3). 
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dCHDJ nonionic '                        (4.3) 
Since the transport of nonionic permeants was found to be enhanced up to sixfold relative 
to baseline studies, it was assumed that WvC
dx
dCHD   in Eq. 4.3. As the concentration 
of the nonionic permeant in the membrane is expected to be relatively constant across the 
membrane (except near the interface of the receiver compartment) and equal to the 
concentration in donor compartment, i.e. Ci ≈ CD in Eq. 4.3, Wv was obtained by using 
the relationship,  
 
'
nonionicPWv                               (4.4) 
where Pnonionic ≈ Jnonionic/CD. In the previous study (Chapter 3) the permeability 
coefficients of nonionic permeants were plotted versus their respective diffusion 
coefficients (see Figure 3.4) and this plot was used to interpolate for the Pnonionic value 
corresponding to that of the ionic probe permeant of interest (i.e. the Pnonionic value of the 
hypothetical nonionic permeant having the same diffusivity as that of an ionic permeant 
of interest). Eq. 4.4 was then used, along with the effective porosity, to calculate the 
value of Wivi for each of the ionic probe permeants used in the present study. Values of 
Wivi for each of the ions in the system are shown in Table 4.1. 
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4.2.3.3 Calculation of permeability coefficient from Nernst-Planck 
theory 
One of the main purposes of the theoretical Nernst-Planck calculations was to find 
the appropriate effective pore radius where the theoretical calculations would be in best 
agreement with the results obtained from iontophoresis experiments with ionic 
permeants. In order to compare the theoretical permeability coefficient, Pion,theor, with the 
experimental permeability coefficient, Pion,exp, the following equation was used to 







'                       (4.5) 
where Jion,theor is the theoretical flux of the ion from Nernst-Planck calculations. 
Calculating Pion,theor using the method above allowed for direct comparison of the 
theoretical Nernst-Planck calculations with experimental results. 
 
4.2.3.4 Calculation of the theoretical and experimental transference 
numbers of the sodium ion and PSS 
Comparing the theoretical and experimental transference numbers of the sodium 
ion and PSS provided an opportunity for direct comparison of the relative experimental 
and theoretical fluxes of the current determining ions in the system. The theoretical 
transference numbers (tion,theor) of the sodium ion and PSS were calculated from the 
theoretical flux values taken from calculations with 100 mM sodium PSS in the cathodal 






t ,                      (4.6) 
where Ji is the flux of the ionic species i, Jj is the flux of the ionic species j in the system, 
zi and zj represent the charges of the ions in the system.  





CPt exp,exp,                      (4.7) 
The experimental permeability coefficient of the PSS was calculated based on the 
experimental permeability coefficient of the combined hexamer and heptamer peaks (1.8 
× 10-7 cm/s; data presented in Chapter 3). In order to calculate tion,exp for the sodium ion, 
the experimental permeability coefficient of the 22Na ion was used under the assumption 





4.3.1 The electric field in the pores and the behavior of the  
electric current determining ions from theoretical 
 Nernst-Planck calculation results 
Figure 4.1(a – d) shows the potential gradient as a function of position from 
theoretical Nernst-Planck calculations with Rp = 12.5 Å, 15 Å, 30 Å, and 60 Å and with 
100 mM, 10 mM, and 1 mM sodium PSS in the cathodal chamber. Figure 4.1(a – d) 
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shows that the potential gradient varies significantly as a function of position in the pore 
pathway. However, except for the region very close to the anodal chamber/membrane 
interface, the potential gradient in the region comprising around 50 – 80% of the left side 
(i.e., the anodal side of the membrane) is quite constant (i.e., flat) and, except for the 
smallest pore size case, the potential gradient values are relatively independent of the 
sodium PSS concentration in the cathodal chamber. At the two membrane interfacial 
regions, the potential gradient patterns are quite different. At the anodal 
chamber/membrane interfacial region, except for the smallest pore size case, there is a 
sharp three-to-fivefold increase in the potential gradient in going from the plateau (flat) 
region to the interface, the increases in each case being essentially independent of the 
sodium PSS concentration in the cathodal chamber. A contrasting behavior is seen at the 
cathodal chamber/membrane interfacial region: as this interfacial region is approached 
(from left to right in Figure 4.1) the potential gradient changes are strongly dependent on 
the sodium PSS concentration in the cathodal chamber; for example, in the Rp = 30 Å 
cases, there is a threefold decrease, a twofold increase, and a seventeenfold increase in 
the potential gradient in going from the plateau region to the cathodal chamber/membrane 
interface for the 100 mM, the 10 mM, and the 1 mM sodium PSS cases, respectively. 
This difference in the potential gradient patterns that is observed between the two 
interfacial regions may be responsible for the transport behavior differences between the 
anionic probe permeants and the cationic probe permeants, as will be discussed later. 
That the potential gradient values in the plateau regions, except for the smallest Rp case, 
are relatively independent of the sodium PSS concentration in the cathodal chamber, is 




Figure 4.1. Simulated potential gradients plotted as a function of position in the pore with 
1 mM (dotted line), 10 mM (dashed line), and 100 mM sodium PSS (solid line) in the 
cathodal chamber. In all of the theoretical Nernst-Planck calculations 90 mM NaCl was 
in the anodal chamber. The plots show the results of calculations with (a) Rp = 12.5 Å, 




gradient, probe permeant concentration, and flux components (i.e. diffusive, 
electrophoretic, and convective flux components).  
Figures 4.2, 4.3, and 4.4 show the concentration profiles of the sodium, PSS, and 
chloride ions in the pores, respectively. Interestingly but not surprisingly, over the 
hundredfold range of PSS concentrations in the cathodal chamber the concentration of the 
main conducting ions (sodium and PSS) in the midregion of the membrane (from about 
30% to 70% of the total path length) remained relatively flat (i.e., constant) and relatively 
independent of the sodium PSS concentration in the cathodal chamber. Figure 4.4 shows 
that, except near the anodal chamber/membrane interface, the concentration of chloride 
ions was negligible over most of the length of the pore pathway.  
The diffusive, convective, and electrophoretic components of the fluxes of the 
dominant current determining ions, sodium and PSS, are shown in Figures 4.5 – 4.10. 
Plots of the flux components of the current determining ions showed that the diffusive 
component was negligible over most of the pore path length for all of the calculations. 
The consistent transport behavior of sodium ion and PSS over the range of sodium PSS 
concentrations investigated was not surprising given the consistency of the potential 
gradients (see Figure 4.1) and the concentration profiles (see Figures 4.2 – 4.4) over most 
of the pore path length.  
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Figure 4.2. Concentration of sodium ion plotted as a function of position in the pore with 
1 mM (solid line), 10 mM (dotted line), and 100 mM (dashed line) PSS in the cathodal 
chamber. The plots show the results of theoretical Nernst-Planck calculations with (a) Rp 




     
 
Figure 4.3. Concentration of PSS plotted as a function of position in the pore with 1 mM 
(solid line), 10 mM (dotted line), and 100 mM (dashed line) PSS in the cathodal chamber. 
The plots show the results of theoretical Nernst-Planck calculations with (a) Rp = 12.5 Å, 





   
Figure 4.4. Concentration of chloride ion plotted as a function of position in the pore with 
1 mM (solid line), 10 mM (dotted line), and 100 mM (dashed line) PSS in the cathodal 
chamber. The plots show the results of theoretical Nernst-Planck calculations with (a) Rp 




        
     
Figure 4.5. Diffusive flux (solid line), convective flux (dashed line), and electrophoretic 
flux (dotted line) of sodium ion plotted as a function of position in the pore with 1 mM 
sodium PSS in the cathodal chamber. The plots show the results of theoretical Nernst-





    
       
Figure 4.6. Diffusive flux (solid line), convective flux (dashed line), and electrophoretic 
flux (dotted line) of sodium ion plotted as a function of position in the pore with 10 mM 
sodium PSS in the cathodal chamber. The plots show the results of theoretical Nernst-






         
Figure 4.7. Diffusive flux (solid line), convective flux (dashed line), and electrophoretic 
flux (dotted line) of sodium ion plotted as a function of position in the pore with 100 mM 
sodium PSS in the cathodal chamber. The plots show the results of theoretical Nernst-







Figure 4.8. Diffusive flux (solid line), convective flux (dashed line), and electrophoretic 
flux (dotted line) of PSS plotted as a function of position in the pore with 1 mM sodium 
PSS in the cathodal chamber. The plots show the results of theoretical Nernst-Planck 






Figure 4.9. Diffusive flux (solid line), convective flux (dashed line), and electrophoretic 
flux (dotted line) of PSS plotted as a function of position in the pore with 10 mM sodium 
PSS in the cathodal chamber. The plots show the results of theoretical Nernst-Planck 






Figure 4.10. Diffusive flux (solid line), convective flux (dashed line), and electrophoretic 
flux (dotted line) of PSS plotted as a function of position in the pore with 100 mM 
sodium PSS in the cathodal chamber. The plots show the results of theoretical Nernst-





4.3.2 Cationic permeants 
 
4.3.2.1 Theoretical results 
The concentration profiles of the cationic probe permeants from the theoretical 
Nernst-Planck calculations are shown in Figures 4.11 – 4.13. The results of theoretical 
calculations show that the concentrations of the 22Na and TEA ions were essentially 
superimposable and remained relatively constant over much or most of the pore path 
length for the three sodium PSS concentrations investigated. The concentrations of the 
TPP ion were also flat over roughly the same path length and only slightly lower than 
those of the 22Na and TEA ions. It is important to note that the concentrations of the three 
cationic probe permeants are relatively independent of the sodium PSS concentration in 
the cathodal chamber when only the plateau regions are considered. 
The diffusive, convective, and electrophoretic components of the fluxes of the 
cationic probe permeants are shown in Figures 4.14 – 4.22. An important point of interest 
that can be determined from the plots of Figures 4.14 – 4.22 is the following. For any Rp 
value, both the convective flux and the electrophoretic flux of each cationic probe 
permeant are relatively independent of the sodium PSS concentration in the cathodal 
chamber; this is particularly easy to see when only the plateau (flat) regions of the flux 
profiles are considered: where the potential gradients (Figure 4.1) and the probe permeant 
concentrations (Figures 4.11 – 4.13) are also in their respective plateau regions. In the 
plateau regions, the diffusive flux component is essentially zero; therefore, in the plateau 




Figure 4.11. Concentrations of the 22Na (dashed line), TEA (dotted line), and TPP (solid 
line) ions plotted as a function of position in the pore with 1 mM sodium PSS in the 
cathodal chamber. The plots show the results of theoretical Nernst-Planck calculations 






Figure 4.12. Concentrations of the 22Na (dashed line), TEA (dotted line), and TPP (solid 
line) ions plotted as a function of position in the pore with 10 mM sodium PSS in the 
cathodal chamber. The plots show the results of theoretical Nernst-Planck calculations 






Figure 4.13. Concentrations of the 22Na (dashed line), TEA (dotted line), and TPP (solid 
line) ions plotted as a function of position in the pore with 100 mM sodium PSS in the 
cathodal chamber. The plots show the results of theoretical Nernst-Planck calculations 






Figure 4.14. Diffusive flux (solid line), convective flux (dashed line), and electrophoretic 
flux (dotted line) of the 22Na ion plotted as a function of position in the pore with 1 mM 
sodium PSS in the cathodal chamber. The plots show the results of theoretical Nernst-







Figure 4.15. Diffusive flux (solid line), convective flux (dashed line), and electrophoretic 
flux (dotted line) of the TEA ion plotted as a function of position in the pore with 1 mM 
sodium PSS in the cathodal chamber. The plots show the results of theoretical Nernst-








Figure 4.16. Diffusive flux (solid line), convective flux (dashed line), and electrophoretic 
flux (dotted line) of the TPP ion plotted as a function of position in the pore with 1 mM 
sodium PSS in the cathodal chamber. The plots show the results of theoretical Nernst-








Figure 4.17. Diffusive flux (solid line), convective flux (dashed line), and electrophoretic 
flux (dotted line) of the 22Na ion plotted as a function of position in the pore with 10 mM 
sodium PSS in the cathodal chamber. The plots show the results of theoretical Nernst-








Figure 4.18. Diffusive flux (solid line), convective flux (dashed line), and electrophoretic 
flux (dotted line) of the TEA ion plotted as a function of position in the pore with 10 mM 
sodium PSS in the cathodal chamber. The plots show the results of theoretical Nernst-








Figure 4.19. Diffusive flux (solid line), convective flux (dashed line), and electrophoretic 
flux (dotted line) of the TPP ion plotted as a function of position in the pore with 10 mM 
sodium PSS in the cathodal chamber. The plots show the results of theoretical Nernst-








Figure 4.20. Diffusive flux (solid line), convective flux (dashed line), and electrophoretic 
flux (dotted line) of the 22Na ion plotted as a function of position in the pore with 100 
mM sodium PSS in the cathodal chamber. The plots show the results of theoretical 
Nernst-Planck calculations with (a) Rp = 12.5 Å, (b) Rp = 15 Å, (c) Rp = 30 Å, and (d) 







Figure 4.21. Diffusive flux (solid line), convective flux (dashed line), and electrophoretic 
flux (dotted line) of the TEA ion plotted as a function of position in the pore with 100 
mM sodium PSS in the cathodal chamber. The plots show the results of theoretical 
Nernst-Planck calculations with (a) Rp = 12.5 Å, (b) Rp = 15 Å, (c) Rp = 30 Å, and (d) 







Figure 4.22. Diffusive flux (solid line), convective flux (dashed line), and electrophoretic 
flux (dotted line) of the TPP ion plotted as a function of position in the pore with 100 mM 
sodium PSS in the cathodal chamber. The plots show the results of theoretical Nernst-





permeant, Jion,theor, is just equal to the sum of the electrophoretic component and the 
convective component. One may note from Eq. 4.2 that the convective flux component 
is proportional to the probe permeant concentration while the electrophoretic flux 
component is proportional to the product of the potential gradient and the probe 
permeant concentration, both which are relatively constant in the plateau regions and 
independent of the sodium PSS concentration in the cathodal chamber. 
 
4.3.2.2 Comparison of Pion,exp and Pion,theor for the cationic probe permeants 
Eqs.  4.1 and 4.5 were used to calculate Pion,exp and Pion,theor, respectively, for 
each of the cationic permeants. The Pion,exp and Pion,theor values for the three sodium PSS 
concentrations in the cathodal chamber are summarized in Tables 4.2 – 4.4. It can be 
noted that Pion,theor calculated with Eq. 4.5 is relatively insensitive to the choice of Rp. 
Despite this shortcoming, it can be concluded that the “best” Rp value would be in the 
vicinity of Rp = 30 Å when considering the results of all three sodium PSS 
concentrations. 
 
4.3.3 Anionic permeants 
 
4.3.3.1 Theoretical Results 
The concentration profiles of the anionic probe permeants from the theoretical 
Nernst-Planck calculations are shown in Figures 4.23 – 4.25; the corresponding 
diffusive, convective, and electrophoretic flux component plots are presented in Figures 
4.26 – 4.34. It should be helpful at this point to remind the reader that, in the 
experiments (and in the theoretical calculations), the anionic probe permeants were 
  
Table 4.2. Summary of experimental permeability coefficients (Pion,exp) and theoretical permeability coefficients (Pion,theor) of the 
cationic probe permeants with 100 mM sodium PSS in the cathodal chamber. The mean experimental voltage and the voltages from 
the theoretical Nernst-Planck calculations are also included.  








9.7 ± 2.4 
4.6 ± 1.2 














Voltage (V) 0.4 ± 0.1 3.4  1.8 0.6 0.4 




Table 4.3. Summary of experimental permeability coefficients (Pion,exp) and theoretical permeability coefficients (Pion,theor) of the 
cationic probe permeants with 10 mM sodium PSS in the cathodal chamber. The mean experimental voltage and the voltages from the 
theoretical Nernst-Planck calculations are also included. 









7.8 ± 1.3 
5.8 ± 0.4 














Voltage (V) 0.5 ± 0.1 3.4  1.9 0.7 0.5 
a Mean ± S.D. for n ≥ 4 experiments. 
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Table 4.4. Summary of experimental permeability coefficients (Pion,exp) and theoretical permeability coefficients (Pion,theor) of the 
cationic probe permeants with 1 mM sodium PSS in the cathodal chamber. The mean experimental voltage and the voltages from the 
theoretical Nernst-Planck calculations are also included. 








8.8 ± 0.6 
5.4 ± 0.6 














Voltage (V) 0.9  ± 0.1 3.0  1.8 0.8 0.6 
 







Figure 4.23. Concentration of the 36Cl (dashed line), SA (dotted line), and TC (solid line) 
ions plotted as a function of position in the pore with 1 mM sodium PSS in the cathodal 
chamber. The plots show the results of theoretical Nernst-Planck calculations with (a) Rp 








Figure 4.24. Concentration of the 36Cl (dashed line), SA (dotted line), and TC (solid line) 
ions plotted as a function of position in the pore with 10 mM sodium PSS in the cathodal 
chamber. The plots show the results of theoretical Nernst-Planck calculations with (a) Rp 








Figure 4.25. Concentration of the 36Cl (dashed line), SA (dotted line), and TC (solid line) 
ions plotted as a function of position in the pore with 100 mM sodium PSS in the 
cathodal chamber. The plots show the results of theoretical Nernst-Planck calculations 








Figure 4.26. Diffusive flux (solid line), convective flux (dashed line), and electrophoretic 
flux (dotted line) of the 36Cl ion plotted as a function of position in the pore with 1 mM 
sodium PSS in the cathodal chamber. The plots show the results of theoretical Nernst-









Figure 4.27. Diffusive flux (solid line), convective flux (dashed line), and electrophoretic 
flux (dotted line) of the SA ion plotted as a function of position in the pore with 1 mM 
sodium PSS in the cathodal chamber. The plots show the results of theoretical Nernst-








Figure 4.28. Diffusive flux (solid line), convective flux (dashed line), and electrophoretic 
flux (dotted line) of the TC ion plotted as a function of position in the pore with 1 mM 
sodium PSS in the cathodal chamber. The plots show the results of theoretical Nernst-








Figure 4.29. Diffusive flux (solid line), convective flux (dashed line), and electrophoretic 
flux (dotted line) of the 36Cl ion plotted as a function of position in the pore with 10 mM 
sodium PSS in the cathodal chamber. The plots show the results of theoretical Nernst-








Figure 4.30. Diffusive flux (solid line), convective flux (dashed line), and electrophoretic 
flux (dotted line) of the SA ion plotted as a function of position in the pore with 10 mM 
sodium PSS in the cathodal chamber. The plots show the results of theoretical Nernst-








Figure 4.31. Diffusive flux (solid line), convective flux (dashed line), and electrophoretic 
flux (dotted line) of the TC ion plotted as a function of position in the pore with 10 mM 
sodium PSS in the cathodal chamber. The plots show the results of theoretical Nernst-








Figure 4.32. Diffusive flux (solid line), convective flux (dashed line), and electrophoretic 
flux (dotted line) of the 36Cl ion plotted as a function of position in the pore with 100 mM 
sodium PSS in the cathodal chamber. The plots show the results of theoretical Nernst-








Figure 4.33. Diffusive flux (solid line), convective flux (dashed line), and electrophoretic 
flux (dotted line) of the SA ion plotted as a function of position in the pore with 100 mM 
sodium PSS in the cathodal chamber. The plots show the results of theoretical Nernst-








Figure 4.34. Diffusive flux (solid line), convective flux (dashed line), and electrophoretic 
flux (dotted line) of the TC ion plotted as a function of position in the pore with 100 mM 
sodium PSS in the cathodal chamber. The plots show the results of theoretical Nernst-





present (at 10-3 mM) in the cathodal chamber together with the sodium PSS, while the 
cationic probe permeants (also at 10-3 mM) were in the anodal chamber in PBS. This 
difference causes the electrophoretic flux and the convective flux of the probe permeants 
to be in opposite directions in the case of the anionic probe permeants while being in the 
same direction in the case of the cationic probe permeants. This difference causes other 
general pattern differences between the anionic probe permeant behavior and the cationic 
probe permeant behavior as seen when comparing the plots of Figures 4.11 – 4.22 with 
those of Figures 4.23 – 4.34: (a) the anionic probe permeant concentrations in the plateau 
regions (where the potential gradients are relatively independent of the sodium PSS 
concentration in the cathodal chamber; see Figure 4.1) are strongly dependent on the 
sodium PSS concentration in the cathodal chamber while, in the case of cationic probe 
permeants, the probe permeant concentrations in the plateau regions are seen to be 
relatively independent of the sodium PSS concentration; and (b) the flux components of 
the anionic probe permeants are seen to vary greatly with the sodium PSS concentration 
in the cathodal chamber (most easily seen in the plateau regions) while this is not the case 
for the cationic probe permeants; this anionic probe permeant flux variation with the 
sodium PSS concentration parallels, semiquantitatively, the concentration variation of the 
anionic probe permeants mentioned above. 
 
4.3.3.2 Comparison of Pion,exp and Pion,theor for the anionic probe permeants 
  Pion,exp and Pion,theor values for anionic permeants are summarized in Tables 4.5 – 
4.7. The experimental permeability coefficient of the PSS ion was only obtained in 
experiments with 100 mM sodium PSS in the cathodal chamber (see Chapter 3 for details 
 Table 4.5. Summary of experimental permeability coefficients (Pion,exp) and theoretical permeability coefficients (Pion,theor) of the 
anionic probe permeants and PSS ion with 100 mM sodium PSS in the cathodal chamber. The mean experimental voltage and the 
voltages from the theoretical Nernst-Planck calculations are also included. 
  Pion,theor (10-6 cm/s) 
Permeant Pion,exp 
a





2.0 ± 0.2 
0.8 ± 0.3 
0.07 ± 0.02 


















Voltage (V) 0.4 ± 0.1 3.4  1.8 0.6 0.4 
a Mean ± S.D. for n ≥ 4 experiments. 
b Pion,exp for PSS determined in previous experiments (see Chapter 3 for details of PSS iontophoresis experiments). 
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 Table 4.6. Summary of experimental permeability coefficients (Pion,exp) and theoretical permeability coefficients (Pion,theor) of the 
anionic probe permeants and PSS ion with 10 mM sodium PSS in the cathodal chamber. The mean experimental voltage and the 
voltages from the theoretical Nernst-Planck calculations are also included. 
  Pion,theor (10-6 cm/s) 
Permeant Pion,exp 
a





3.4 ± 0.5 
1.2 ± 0.1 



















Voltage (V) 0.5 ± 0.1 3.4  1.9 0.7 0.5 
a Mean ± S.D. for n ≥ 4 experiments. 
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 Table 4.7. Summary of experimental permeability coefficients (Pion,exp) and theoretical permeability coefficients (Pion,theor) of the 
anionic probe permeants and PSS ion with 1 mM sodium PSS in the cathodal chamber. The mean experimental voltage and the 
voltages from the theoretical Nernst-Planck calculations are also included.  
  Pion,theor (10-6 cm/s) 
Permeant Pion,exp 
a





5.9 ± 1.2 
3.3 ± 1.2 



















Voltage (V) 0.9  ± 0.1 3.0  1.8 0.8 0.6 




of PSS iontophoresis experiments). With the exception of the TC ion, the agreement 
between Pion,exp and Pion,theor was good with 100 mM sodium PSS in the cathodal chamber 
Rp values between 15 Å and 30 Å; this includes the results with the PSS ion. However 





4.4.1 Assumptions in the theoretical calculations 
Given the complexity of the current iontophoresis system, some assumptions were 
required before using the modified Nernst-Planck model in the calculation of theoretical 
potential gradients, concentration profiles, and flux values. One of the key assumptions 
was in the treatment of the PSS oligomers that were used as the conducting ions in the 
cathodal chamber. Our approach was to use the diffusion coefficient, hydrodynamic 
radius and effective charge of the PSS heptamer species to represent those of the entire 
population of the PSS oligomers. Previous experimental characterization of sodium PSS 
solutions was carried out using CE and it was found that the PSS heptamer and hexamer 
accounted for as much as 80% of the total area under the curve for separations using a CE 
system with 0.1 M PBS as the background electrolyte (see Chapter 3). To be certain that 
using a single species of the PSS oligomers did not influence the major conclusions from 
the results of theoretical Nernst-Planck calculations, additional calculations were 
performed with the cathodal chamber solution being composed of a mixture of 70% PSS 
heptamer and 30% PSS tetramer; the results of these calculations did not result in 
significantly different theoretical voltages and Pion,theor values (data not shown). 
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Also for practical reasons, the present Nernst-Planck model has ignored 
considering the importance of pore size distribution within HMS in the treatment of the 
experimental data. From our baseline study the pore size distribution issue seemed to be 
relatively unimportant in the analysis of ionic probe permeant data (Chapter 2); however, 
pore size distribution was apparent in examining the experimental results with the 
nonionic probe permeants (Chapters 2 and 3). 
Pikal et. al have concluded that the available aqueous pore pathways in HMS 
stratum corneum that are utilized in the transport of ionic and nonionic permeants are 
likely composed of pores having net positive, negative, or neutral surface charge.13-15 
Earlier baseline studies provide further evidence of such heterogeneity of pore pathways 
in the HMS (Chapter 2). In the present study and in the baseline study, the viewpoint has 
been taken that the iontophoretic (convective) transport of nonionic permeants in HMS 
would be expected to be confined to the charged pores with negatively charged pores 
overwhelmingly dominating; and the iontophoretic transport of ionic permeants would 
involve all pores. In both the present study and in the baseline study (Chapter 2), 
however, in order to have a tractable physical model to be used in the interpretation of the 
iontophoretic flux data, the assumption has been made that a single pore type may 
represent the HMS stratum corneum. The consequence of this assumption on the present 
modeling approach was that the electroosmotic velocity, represented by values of Wv 
(calculated from the results of earlier iontophoresis experiments with nonionic 
permeants) would be effectively spread out or averaged across all pores utilized by the 
ionic permeants. In the baseline study, the convective (i.e., electroosmotic) fluxes were 
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rather small in most cases compared to the present situation where electroosmosis is seen 
to be much more important, by four to six fold (see Chapter 3). 
  
4.4.2 Good agreement between theoretical predictions and 
experimental results with the cationic probe  
permeants  
As discussed previously, one of the major objectives of theoretical Nernst-Planck 
calculations was to find appropriate values of Rp where the theoretical predictions and 
experimental results were in good agreement. Examination of Tables 4.2 – 4.4 reveals 
that calculations with pore sizes in the vicinity of 30 Å resulted in theoretical predictions 
for the voltage and Pion,theor values for the cations that were in good agreement with 
experimental values. In particular, the agreement between Pion,theor and Pion,exp across all 
three concentrations of the sodium PSS in the cathodal chamber, was remarkable with the 
22Na and TEA ions as the probe permeants (Tables 4.2 – 4.4); with the TPP ion the 
agreement between Pion,theor and Pion,exp was good for calculations with 100 mM sodium 
PSS in the cathodal chamber but less so with 10 mM and 1 mM sodium PSS in the 
cathodal chamber. It can also be noted that the experimental and the theoretical voltages 
are in good agreement with Rp = 30 Å. Overall the agreement between the model 
predictions at Rp = 30 Å and experiments with the cationic probe permeants is very 
satisfactory. 
It is instructive at this point to compare these results with those of the baseline 
study (Chapter 2) where the medium present in the both the cathodal and anodal 
chambers was PBS. The Rp value deduced in the baseline study was 25 ± 6 Å based on 
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experiments using the same cationic probe permeants but employing a simpler treatment 
of the experimental data (i.e, by not directly incorporating the convective contribution to 
the flux into the Nernst-Planck differential equation as has been done in the present 
study). In light of the much greater electroosmosis component encountered in the present 
study, requiring a different calculational procedure, the good agreement between the two 
studies is quite encouraging. 
It is interesting to note that both Pion,exp and Pion,theor for cations are relatively 
constant and independent of the concentration of sodium PSS in the cathodal chamber. 
This finding is consistent with the behavior of the potential gradient (Figure 4.1) and the 
probe permeant concentration profiles (Figures 4.11 – 4.13). As the electrophoretic flux 
is proportional to the product of the potential gradient and the permeant concentration, as 
the electroosmotic flux is proportional to the permeant concentration, and as the total flux 
(Jion,theor) is the sum of the electroosmotic flux and the electrophoretic flux in the plateau 
regions where the diffusive flux is zero, it then follows the Jion,theor should be relatively 
independent of the sodium PSS concentration in the cathodal chamber because both the 
potential gradient and the probe permeant concentrations are relatively independent of the 
sodium PSS concentration in the plateau regions of these plots.  
4.4.3 Transference number of electric current determining ions 
Table 4.8 shows the theoretical and the experimental transference numbers 
calculated using Eqs 4.6 and 4.7 for the current determining ions, sodium and PSS. As 
can be seen these results indicate an Rp value in the range of 20 – 30 Å would be 
 Table 4.8. The theoretical transference number (tion,theor) and experimental transference number (tion,exp) of sodium and PSS. 
   tion,theor 








0.89 ± 0.22 
 






























































































consistent with the data, this also supporting our findings with most of the cationic probe 
permeant data and the 100 mM sodium PSS data with the anionic probe permeants. 
 
4.4.4 Relatively poor agreement between theoretical predictions 
and experimental results with the anionic probe  
permeants 
The Pion,exp values for the 36Cl ion and the SA ion at 10 mM sodium PSS and at 1 
mM sodium PSS are roughly 1.6 and 3.0 times greater, respectively, than at 100 mM 
sodium PSS; the corresponding  Pion,theor values (for Rp = 30 Å), on the other hand , are 
roughly 5.5 and 40 times greater than at 100 mM sodium PSS. The reason(s) for these 
discrepancies between Pion,exp and Pion,theor are not apparent. The  increased Pion,theor values 
(at Rp = 30 Å) for the 36Cl and the SA ion at 10 mM and 1 mM sodium PSS do correlate 
well with higher calculated permeant concentrations (Figures 4.23 – 4.25) in the plateau 
region; therefore, the theoretical results are internally self-consistent. The reader is 
reminded that the theoretical results with the cationic probe permeants are also internally 
self-consistent regarding the relationship between Pion,theor and the model calculated 
permeant concentrations in the plateau regions. However, in the case the cationic probe 
permeants, the permeant concentrations in the plateau regions were essentially 
independent of the sodium PSS concentration in the cathodal chamber, while for the 
anionic probe permeants they are not. It therefore may be concluded that the 
discrepancies between Pion,theor and Pion,exp at the lower sodium PSS concentrations, in the 
case of the anionic permeants, may reside in a defect in the model associated with the 
significant dependence of the probe permeant concentration (in the plateau region) upon 
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the sodium PSS concentration. When it is noted that the varying anionic probe permeant 
concentration correlates with the varying potential gradient patterns in the vicinity of the 
membrane/cathodal chamber interface, one might conclude that the defect in the model is 
related to an inability of the anionic probe permeants to respond to the high potential 
gradients in the vicinity of the membrane/cathodal chamber interface; alternatively, the 
defect in the model may reside in the inability of the HMS system to generate the high 
potential gradients at the low sodium PSS concentrations in the first place. Without more 
work, both experimental and theoretical, it would appear to be difficult in attempting to 
pinpoint the defect in the current theoretical model. 
 
4.4.5 Influence of enhanced electroosmosis on the experimental 
and theoretical permeability coefficients of small  
ions 
The results of earlier studies with nonionic probe permeants (Chapter 3) showed 
that there was as much as a sixfold enhancement of electroosmosis due to the presence of 
sodium PSS in the cathodal chamber. As one would expect, having the electroosmosis 
enhanced to such an extent had a significant influence on the flux of small ionic probe 
permeants as well. For instance, Pion,exp (in units of 10-6 cm/s) for the 22Na ion was 9.7 ± 
2.4, 7.8 ± 1.3, 8.8 ± 0.6, and 4.6 ± 0.4 for experiments with 100 mM sodium PSS, 10 mM 
sodium PSS, 1 mM sodium PSS, and 0.1 M PBS in the cathodal chamber, respectively. 
The approximately twofold enhancement observed in the permeability coefficient of the 
22Na ion was also observed for the TEA and TPP ions. As already discussed, since 
electroosmosis and electrophoresis of the anionic probe permeants are in opposite 
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directions, a decrease in the permeability coefficients of anionic probe permeants was 
observed when sodium PSS was in the cathodal chamber. As an example, Pion,exp (in units 
of 10-6 cm/s) for the 36Cl ion was 2.0 ± 0.2, 3.4 ± 0.5, 5.9 ± 1.2, and 5.0 ± 0.3 for 
experiments with 100 mM sodium PSS, 10 mM sodium PSS, 1 mM sodium PSS, and 0.1 
M PBS in the cathodal chamber, respectively. Notice that in the case of anionic probe 
permeant the changes observed in Pion,exp varied with decreasing sodium PSS 
concentrations in the cathodal chamber while for cationic probe permeants the 
enhancement of Pion,exp relative to baseline results remained relatively constant over the 
range of PSS concentrations investigated. From a practical standpoint the inclusion of 
PSS oligomer into an iontophoretic device designed to extract cationic and nonionic 
molecules across the skin could lead to better efficiency of the iontophoretic extraction. 
 
4.5 Conclusions 
In the present study we have used a novel strategy to model the transport of small 
ionic permeants in an iontophoresis system where significant electroosmosis has been 
observed. By using the transport data from earlier experiments with nonionic permeants 
to obtain the convective term (Wv) for small ionic probe permeants, theoretical Nernst-
Planck calculations were performed to better understand the transport behavior of small 
ionic probe permeants in iontophoresis experiments with varying concentrations of 
sodium PSS in the cathodal chamber. The theoretical calculations have confirmed, 
somewhat surprisingly, that the independence of Pion,exp values for cationic permeants in 
response to changes in the concentration of sodium PSS in the cathodal chamber are 
consistent with both the calculated potential gradient and ion concentrations in the pore. 
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The agreement between Pion,exp and Pion,theor for the cationic probe permeants was good 
across all of the sodium PSS concentration investigated. Although the agreement between 
Pion,exp and Pion,theor for anionic probe permeants was not good, except for with 100 mM 
sodium PSS in the cathodal chamber, the trend of decreasing Pion,theor with increasing 
concentrations of sodium PSS in the cathodal chamber was consistent with experimental 
results. As already discussed, more work will be needed to develop a theoretical model 
that would accurately predict the behavior of small anionic probe permeants when 
sodium PSS is in the cathodal chamber.  
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Using the modified Nernst-Planck model as a theoretical framework has provided 
an opportunity to gain insight into the transdermal iontophoresis of cationic and anionic 
probe permeants under two conditions: 1) when the electric current determining ions and 
their concentrations were the same on both sides of the HMS membrane (referred to as 
baseline conditions); and 2) when the current determining ions in the cathodal and anodal 
chambers differed significantly, specifically with 90 mM sodium chloride in the anodal 
chamber and with varying concentrations of sodium polystyrene sulfonate (PSS) in the 
cathodal chamber. While the first condition is the most common in the majority of in 
vitro studies, the latter condition is more representative of those encountered in most 
practical applications of transdermal iontophoresis. 
When PSS was the main conducting anion in the cathodal chamber, significant 
changes in the transport behavior of the probe permeants were observed. The transport of 
nonionic probe permeants increased up to sixfold and remained constant over the 
hundredfold range of sodium PSS concentration (i.e., 1.37 mg/mL, 13.7 mg/mL, and 137 
mg/mL) in the cathodal chamber. The transport of cationic probe permeants increased by 
up to threefold and remained constant over the same range of sodium PSS concentrations 
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investigated while the transport of anionic probe permeants decreased with increasing 
sodium PSS concentrations in the cathodal chamber. 
We have used the Nernst-Planck model to calculate the theoretical permeability 
coefficients (Pion,theor) and to compare these with the experimental permeability 
coefficients (Pion,exp) of the ionic permeants. The results of theoretical calculations 
showed that the cationic probe permeants behaved in a manner consistent with the 
theoretical predictions of the Nernst-Planck model for pore sizes of around 30 Å. This 
was true for all cases under baseline conditions as well as for conditions in which the 
concentration of sodium PSS in the cathodal chamber varied over a hundredfold range 
(i.e., from 1 mM to 100 mM). The Nernst-Planck theoretical calculations showed that the 
electric field profiles (see Figure 4.1) were relatively flat (i.e., constant) for pores around 
30 Å and independent of the sodium PSS concentration in the cathodal chamber except 
near the membrane/cathodal chamber interface. The calculations also showed that the 
concentration profiles of both the current determining ions (see Figures 4.2 – 4.4) and the 
cationic probe permeant ions (see Figures 4.11 – 4.13), except near the membrane 
cathodal chamber interface, did not change significantly in response to changes in the 
sodium PSS concentration in the cathodal chamber. The relatively invariant ion 
concentration profiles and the relatively constant electric field profiles help to explain the 
relatively constant Pion,exp values and the relatively good agreement between Pion,theor and 
Pion,exp for the cationic probe permeants. The theoretical Nernst-Planck calculations also 
showed good agreement between the experimental and theoretical transference numbers 
and the experimental and theoretical voltage drops across the membrane.  
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In contrast with these results showing good agreement between experiment and 
theory, with the exception of the theoretical calculations with 100 mM PSS in the 
cathodal chamber, the Pion,exp and Pion,theor values for the anionic probe permeants differed 
significantly. While the general trends of decreasing anionic probe permeant transport 
with increasing concentrations of sodium PSS in the cathodal chamber were consistent, 
the large variation in the theoretically calculated membrane concentrations of the anionic 
probe permeants was not consistent with the observed Pion,exp values (see figures 4.23 – 
4.25 and Tables 4.5 – 4.7). The disagreement between Pion,exp and Pion,theor for anionic 
probe permeants is believed to be the result of some of the assumptions made in the 
theoretical Nernst-Planck calculations. One of the key assumptions of the theoretical 
Nernst-Planck model calculation was to combine all of the pore pathways into a single 
pore pathway with uniform charge and size characteristics. The HMS pore pathways are 
likely heterogeneous as discussed in Chapter 4. One may hypothesize, for example, that 
the large variations in the electric field at the membrane/cathodal chamber interface (see 
Figure 4.1) that are responsible for the large variations in the anionic probe permeant 
concentrations in the membrane pores (see Figures 4.23 – 4.25), as predicted in the 
theoretical calculations, may not be realized if the pore size distributions are considered 
in the model. In order to better understand the behavior of the anionic probe permeants 






5.2 Future Work 
Further experiments would be helpful to investigate the possible shortcoming of 
the present theoretical modeling approach as it relates to the calculations of Pion,theor for 
anionic probe permeants. One possibility is to design experiments using a model 
membrane having well-characterized pore geometry and uniform surface charge 
characteristics. For instance, using a synthetic cation exchange membrane to generate 
experimental transport data with anionic probe permeants and with sodium PSS in the 
cathodal chamber may provide an opportunity to further test the theoretical Nernst-
Planck model for a membrane having more homogeneous pore pathways than those of 
HMS. Should these results with the synthetic membrane demonstrate the ability of the 
Nernst-Planck model to appropriately describe the transport behavior of the anionic probe 
permeants, further theoretical studies may be pursued that would include various pore 
size distributions in the Nernst-Planck calculations. 
We would also like to take a closer look at the transport of the PSS oligomers 
themselves. In the present studies we conducted PSS transport experiments at the highest 
sodium PSS concentration, i.e., 137 mg/mL (see Chapter 3). Additional PSS transport 
experiments with 1.37 mg/mL and 13.7 mg/mL sodium PSS in the cathodal chamber may 
provide a chance to test the agreement between the theoretical Nernst-Planck calculations 
for the main current conducting anion in the system, PSS, and the experimentally 
determined fluxes of the same. 
